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INTRODUCTION

ErbB-2 is a receptor tyrosine kinase that by heterodimerization mediates signal
transduction by the EGF and heregulin growth factors and then receptors ErbB-1, ErbB-3,
ErbB-4 (1). Both ErbB-1 and ErbB-2 are functionally important in breast cancer and are being
pursued as clinical therapeutic targets (2). Geldanamycin is being tried in clinical trials because
it enhances the loss of ErbB-2 from cells and thereby decreases their growth capacity (3). The

focus of this study has been to elucidate the mechanism by which geldanamycin acts on ErbB-2
so as to decrease its level in cells.

BODY

Following submission of our application to seek funding for this project in May 1999, we
continued to explore the issue of ErbB-2 metabolic destabilization by geldanamycin. These
efforts resulted in a publication (4) that was submitted in April, 2000, just one month after the
initiation of support from the Department of Defense. Since the experiments in that paper were
all completed prior to the initiation of DOD support, that publication does not show DOD
support. However, the results do bear on the specific aims proposed and, hence, the main pomts
of the manuscript are cited below.

The results of this manuscript (4) are directly related to our initial Statement of Work:
Task 1, Task 2A and Task 2C. In this regard we show that geldanamycin-induced ErbB
degradation involves the entire cellular pool of ErbB-2. More importantly, this manuscript shows
that geldanamycin-induces the endoproteolytic fragmentation of ErbB-2 into at least two stable
fragments. One fragment of 135 kDa represents the ErbB-2 ectodomain, the transmembrane
domain and a small portion of the cytoplasmic domain. The second fragment of 23 kDa
represents the carboxyterminal region of the ErbB-2 cytoplasmic domain. These data also
showed that these two fragments are subsequently degraded by two different intracellular
proteolytic systems. The 135 kDa membrane-localized fragment is degraded by the lysosome,
while the smaller cytosolic 23 kDa fragment is degraded by the proteosome. These data show,
therefore, that geldanamycin-induced degradation of ErbB-2 involves at least two major
proteolytic systems.

The data in this manuscript also show the following relevant points. That the kinase
domain of ErbB-2 is required for geldanamycin-induced degradation was demonstrated by the
analysis of chimeric molecules and deletion mutants. That the carboxyterminus of ErbB-2 exerts
a protective influence on ErbB-2 sensitivity to geldanamycin was shown by the evaluation of
cytoplasmic domain fragments of ErbB-2 expressed in cells as GFP-fusion proteins.

A second manuscript (5), credited entirely to DOD support, addressed the issues
identified in Task 2B. The work in this paper began by determining the N-terminal sequence of
the geldanamycin-induced 23 kDa fragment derived from the ErbB-2 carboxyterminal region.
The sequence indicated that the amino terminus of this fragment corresponded to Gly1126 in
ErbB-2. Analysis of the residues immediately preceding Gly1126 suggested the presence of a
caspase cleavage site and site-directed mutagenesis of Asp1125 prevented geldanamycin-induced
formation of the ErbB-2 23 kDa fragment in cells treated with geldanamycin. However, when
formation of the 23 kDa fragment was blocked by mutagenesis or caspase inhibition, ErbB-2
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degradation in the presence of geldanamycin still took place. This cleavage, therefore, is not
essential for destabilization of ErbB-2 by geldanamycin. That caspase activities take part-in
geldanamycin-induced ErbB-2 degradation was somewhat surprising. Caspases are intimately
associated with programmed cell death and geldanamycin-induced apoptosis is not widely
reported, though there is evidence that it can occur in some cells treated with this drug.

Subsequently, we assayed various compounds that are known to be inducers of apoptosis,
particularly in mammary carcinoma cells. Some of these, such as paclitaxel, had no effect on
ErbB-2 metabolic stability. However, both staurosporin and curcumin did induce ErbB-2
degradation with kinetics similar to geldanamycin and with formation of the same 23 kDa
carboxyterminal ErbB-2 fragment. Interestingly, when formation of the 23 kDa fragment was
blocked by addition of the pan-caspase inhibitor, the staurosporin-induced degradation of ErbB-2
was prevented. Therefore, caspase activity is essential to the staurosporin-induced degradation of
ErbB-2, but not, as previously mentioned, to geldanamycin-induced ErbB-2 degradation.

During the past year our efforts have concentrated on the cleavage that produces the 135
kDa fragment of ErbB-2. As previously described (4), this fragment includes the ectodomain, -
transmembrane domain, and part of the kinase domain. Our previous work (4) and that of others
(6) also concluded that the kinase domain of ErbB-2 is necessary for geldanamycin-induced
degradation of this co-receptor molecule. Since the ErbB-1 molecule, a close relative of ErbB-2,
is not sensitive to geldanamycin-induced degradation, we compared sequence homologies of the
kinase domains of ErbB-1 and ErbB-2. Based on that analysis residues unique to ErbB-2 were
chosen for mutagenesis. The data published in a DOD-supported manuscript (6) showed that if
three residues (Leu784, Leu78S5, Ile788) are mutated to alanine, the resultant ErbB-2 mutant
protein is not sensitive to geldanamycin-induced degradation. We also identified a second nearby
motif that confers geldanamycin-sensitivity in ErtbB-2. This is the sequence between Gly776 and
Ser783 of ErbB-2. Multiple residues in this motif were mutagenized to correspond to the
analogous residues in ErbB-1 produces an ErbB-2 mutant that is no longer sensitive to
geldanamycin. These combined results show that a specific region (residues 776-788) within the
ErbB-2 kinase domain are required for geldanamycin-induced degradation.

To further test these results we made several C-terminal deletion mutations in ErbB-2.
When these constructs were expressed, we found that loss of residues beyond residue 783
dramatically destabilizes ErbB-2, indicating kinase domain sequences not only mediate
geldanamycin-induced degradation of ErbB-2, but also control the basal level of ErbB-2
metabolic stability in cells.

Drugs that induce the fragmentation of ErbB-2 (such as geldanamycin, staurosporin,
curcumin) frequently induce apoptosis. We have also found that antibodies to the ErbB-2
ectodomain induce both cell death and fragmentation in or near the kinase domain. Likewise, the
addition of EGF to a chimeric receptor having an ErbB-1 ectodomain and an ErbB-2 cytoplasmic
domain induces fragmentation and cell death. We hypothesized that perhaps the ErbB-2 kinase
domain contains cryptic sequences that, if exposed following fragmentation of the receptor,
would induce cell death. To test this hypothesis we constructed fusion proteins between green
fluorescent protein and segments of ErbB-2. The results are presented in detail in reference 7.
The fusion proteins were then expressed in COS7 cells and CHO cells. Constructs containing
sequences derived from the N-terminal lobe of the ErbB-2 kinase domain were observed to
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induce cell death with characteristics similar to apoptosis. More specifically when residues 766-
802 of the ErbB-2 kinase domain are expressed with as a GFP fusion protein, nearly all cells die
within 2-3 days. If just GFP is expressed, there is no cell death. These results, therefore,
indicate that sequences within the ErbB-2 kinase can provoke cell death, if ErbB-2 is fragmented
so as to expose these sequences. Interestingly, analogous sequences from several other receptor
tyrosine kinases (ErbB-1, ERbB-4, TrkA, VEGFR1) also induced cell death. These results imply
that geldanamycin may induce cell death by liberating these sequences from ErbB-2 in the
process of provoking proteolytic cleavage reaction described above. The research described
above is directly related to Tasks 2A, B, and C in the original proposal.

Finally, we have tested cell death initiated by geldanamycin and a derivative of it known
as 17-AAG, which is reported to be less toxic for cells (3). The problem in clinical trials of
geldanamycin has been its toxicity. We evaluated the concentrations of geldanamycin and 17-
AAG that provoke cell death in MCF-7 cells, which have a low level of ErbB-2, and MCEF-7
cells transfected to express a high level of ErbB-2. We found that both compounds were equally
toxic to both cell lines. Hence, toxicity to cells could not be separated on the basis of the
cellular expression of ErbB-2. It seems likely, therefore, that the toxicity of geldanamycin and
17-AAG are not related to the cellular level of ErbB-2, but to some other action of this
compound.

KEY RESEARCH ACCOMPLISHMENTS

. The kinase domain of ErbB-2 is required for ErbB-2 degradation induced by
geldanamycin
o The carboxyterminus of ErbB-2 has a protective influence on ErbB-2 stability in the

presence of geldanamycin

o Geldanamycin-induces the degradation of the entire cellular population of ErbB-2
o The initial step in geldanamycin-induced degradation is endoproteolytic fragmentation
. ErbB-2 fragments of 135 kDa (membrane-bound) and 23 kDa cytosolic are formed in the

presence of geldanamycin

. Formation of the 23 kDa ErbB-2 fragment in the presence of geldanamycin requires
caspase activity

L Some inducers of apoptosis, such as staurosporin, also induce ErbB-2 degradation and
formation of the 23 kDa fragment

. Caspase inhibition prevents staurosporin, but not geldanamycin-induced ErbB-2
degradation
. Sequences within residues 776-788 of the ErbB-2 tyrosine kinase domain are necessary

for geldanamycin-induced degradation
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. ErbB-2 kinase domain mutants that are resistant to geldanamycin-induced degradation
have been constructed

® - Loss of residues beyond residue 783 in the ErbB-2 kinase domain results in a fragment
that is metabolically unstable in cells

o A small sequence of 38 residues from the N-terminal region ErbB-2 kinase domain
provoke cell death when expressed in cells

REPORTABLE OUTCOMES

Manuscripts:

1. Tikhomirov, O., and Carpenter, G. (2000). Geldanamycin Induces ErbB-2 Degradation
by Proteolytic Fragmentation. J. Biol. Chem. 275: 26625-26631. (not credited to DOD
funding) ' .

2. Tikhomirov, O. and Carpenter, G. (2001). Caspase-dependent Cleavage of ErbB-2 by

, Geldanamycin and Staurosporin. J. Biol. Chem. 276: 33675-33680.

3. Tikhomirov, O., and Carpenter, G. (2003). Identification of ErbB-2 Kinase Domain
Motifs Required for Geldanamycin-Induced Cell Death. Cancer Res. 63: 39-43.

4, Tikhomirov, O. and Carpenter, G. (2004). Identification of Proteolytic Fragments from

ErbB-2 that Induce Apoptosis (submitted).

Presentations:

1. Tikhomirov, O. and Carpenter, G. (2000). "Geldanamycin Induces Degradation in
Lysosomes." FASEB J. 14: A1544. Poster presentation at American Society for
Biochemistry and Molecular Biology Annual Meeting, Boston, MA.

2. Tikhomirov, O. and Carpenter, G. (2002). Proteolytic Fragmentation of ErbB-2. Poster
Presentation at Era of Hope Department of Defense Breast Cancer Research Program
Meeting, Orlando, FL.

CONCLUSIONS

Geldanamycin induces a decrease in cellular levels of ErbB-2 by provoking a series of
proteolytic cleavage events within the intracellular domain of ErbB-2. One cleavage occurs near
the carboxyterminus and is executed by caspases. The other major cleavage seems to occur
within the kinase domain. Kinase domain mutations can be made in ErbB-2 that prevent any
cleavage events provoked by geldanamycin. This indicates that a geldanamycin binding protein,
such as hsp90, may interact with these kinase domain sequences and, in the absence of
geldanamycin, prevent ErbB-2 degradation.

The ErbB-2 fragments produced in the presence of geldanamycin are degraded by cellular
proteolytic systems, which may produce additional fragment of smaller size. Sequences within
the 135 kDa fragment of ErbB-2 are highly toxic to cells and could be liberated during this
proteolytic processing. This could account, at least in part, for the cellular toxicity of
geldanamycin.
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Exposure of carcinoma cell lines to the antibiotic
geldanamycin induces the degradation of ErbB-2, a co-
receptor tyrosine kinase that is frequently overex-
pressed in certain tumors. Using ErbB-2 mutants ex-
pressed as chimeric receptors or green fluorescent
protein fusion proteins, we report that the kinase do-
main of ErbB-2 is essential for geldanamycin-induced
degradation. The kinase domain of the related epider-
mal growth factor receptor was not sensitive to this
drug. The data further indicate mechanistic aspects of
ErbB-2 degradation by geldanamycin. The data show
that exposure to the drug induces at least one cleavage
within the cytoplasmic domain of ErbB-2 producing a
135-kDa fragment and a 23-kDa fragment. The latter
represents the carboxyl-terminal domain of ErbB-2,
whereas the former represents the ectodomain and part
of the cytoplasmic domain. Degradation of the carboxyl-
terminal fragment is prevented by proteasome inhibi-
tors, whereas degradation of the membrane-anchored
185-kDa ErbB-2 fragment is blocked by inhibitors of the
endocytosis-dependent degradation pathway. Confocal
microscopy studies confirm a geldanamycin-induced lo-
calization of ErbB-2 on intracellular vesicles.

ErbB-2 is a Type 1 transmembrane tyrosine kinase that
functions as a co-receptor by forming dimers with other mem-
bers of the ErbB receptor family (ErbB-1 (EGF' receptor),
ErbB-3, and ErbB-4; Refs. 1 and 2). Although ErbB-2 has a
potential ligand-binding ectodomain, no direct ligand has yet
been identified. In its role as a co-receptor, ErbB-2 enhances
the signaling capacity of its dimerization partners. The associ-
ation of ErbB-2 with these various receptors is, however, en-
tirely ligand-dependent. In the absence of growth factor ErbB-2
is reported to interact with CD44, an adhesion receptor, in
ovarian carcinoma cell lines (8) and with a large plasma mem-
brane glycoprotein complex in microvilli of a mammary adeno-
carcinoma cell line (4). ErbB-2 has also been demonstrated to
form ligand-dependent complexes with the IL-6 receptor com-
ponent gpl30 (5) and Trk A (6), the nerve growth factor
receptor.

* This work was supported by National Institutes of Health Grant
CA24071. The costs of publication of this article were defrayed in part
by the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

1 To whom correspondence should be addressed: Dept. of Biochemis-
try, Vanderbilt University School of Medicine, Nashville, TN 37232-
0146. Tel.: 615-322-6678; Fax: 615-322-2931; E-mail: Graham.
Carpenter@mcmail.vanderbilt.edu.

1The abbreviations used are: EGF, epidermal growth factor; EGFR,
EGF receptor; ALLN, N-acetyl-L-leucinyl-L-leucinyl-L-norleucinal; GFP,
green fluorescent protein; PCR, polymerase chain reaction; PAGE, poly-
acrylamide gel electrophoresis; PBS, phosphate-buffered saline.

This paper is available on line at http://www.jbc.org

ErbB-2 was originally identified as the transforming onco-
gene ney in which a point mutation in the transmembrane
domain is responsible for its oncogenic potential (7, 8). ErbB-2
also functions as an oncogene when overexpressed (9, 10) and
in humans is frequently overexpressed in breast and ovarian
tumors (11). ErbB-2 overexpression in breast cancer is associ-
ated with a poor prognosis (12), and hence it is a target for
therapeutic reagents, including monoclonal antibodies and
drugs (13). Frequently, antibodies that decrease the growth of
ErbB-2-expressing tumors also reduce the level of ErbB-2 by a
mechanism that is unclear. Hence, the transforming activity of
ErbB-2 is related to structural changes or changes in its level of
expression.

The benzoquinoid ansamycin antibiotics geldanamycin and
herbimycin were first isolated from the culture broths of sev-
eral actinomycete species (14, 15) and described as inhibitors of
tyrosine kinase-dependent growth (16, 17). These compounds,
particularly geldanamycin, have tumorical activity toward nu-
merous tumor cell lines (18), including those that overexpress
ErbB-2 (19). This action toward tumor cell lines is attributed to
the capacity of geldanamycin to induce the degradation of
several important signal transducers important in mitogenic
pathways. These targets include protein kinases, such as Src,
Raf, FAK, and ErbB-2, and other growth regulating proteins,
such as p53 (20). The mechanism for the geldanamycin-induced
degradation of these various molecules is centered on the
Hsp90 family of chaperones, because Hsp90 is the major intra-
cellular protein that binds geldanamycin (20, 21). Geldanamy-
cin has been shown to dissociate Hsp90 from various proteins
and thereby inhibit their function, such as the nuclear trans-
location of glucocorticoid receptors, or to induce their metabolic
degradation, such as Sre, Raf, and p53.

In the case of ErbB-2, association with Hsp90 has not been
reported. However, it has been reported that the glucose-regu-
lated chaperone GRP94, an Hsp90 family member that is lo-
calized to the lumen of the endoplasmic reticulum, does asso-
ciate with ErbB-2 in a geldanamycin-sensitive manner (22).
Geldanamycin-induced degradation of ErbB-2 is reported to
involve, presumably as a consequence of the dissociation of
GRPY4, the polyubiquitination of ErbB-2 and its proteosomal
degradation (23). On the basis of GRP94 localization, these
studies would suggest an interaction with the ErbB-2 ectodo-
main in the lumen of the endoplasmic reticulum and drug-
induced degradation durihg receptor biosynthesis. Others,
however, have suggested that this interpretation does not ac-
count for the quantitative aspects of ErbB-2 degradation in-
duced by geldanamycin (24).

We have explored the question of how geldanamycin induces
ErbB-2 degradation and show that the ErbB-2 kinase domain
is essential for sensitivity of geldanamycin. Also we show that
geldanamycin induces fragmentation of ErbB-2 within the car-
boxyl-terminal region of the cytoplasmic domain and that the
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resulting transmembrane fragment is degraded by a mecha-
nisms that involves the formation of intracellular vesicles.

EXPERIMENTAL PROCEDURES

Materials—Geldanamyein, N-acetyl-L-leucinyl-L-leucinyl-L-norleuci-
nal (ALLN), folimyein, proteasome inhibitor I, and 4-hydroxy-5-iodo-3-
nitrophenylacetyl-Leu-Leu-Leu-vinylsulfone were purchased from Cal-
biochem. Batimastat (BB94) was a generous gift of Dr. P. Dempsey
(Vanderbilt University, Nashville, TN). TAPI-O was obtained from
Peptide International. Other protease inhibitors, protein G or protein
A, and ECL reagents were from Sigma. Monoclonal antibody (Ab5)
against ErbB-2 extracellular domain and monoclonal antibedy (Ab3)
against carboxyl terminus of ErbB-2 were purchased from Oncogene
Science. Monoclonal antibodies against EGFR extracellular domain
(Ab13 and Ab14), monoclonal antibody (Ab2) against the ErbB-4, and
monoclonal antibody (Ab8) against ErbB-2 cytoplasmic domain were
from NeoMarkers. Goat anti-mouse IgG labeled with Alexa 488 for
confocal microscopy was from Molecular Probes. Human ErbB-2 ¢cDNA
and NIH 3T3 cell lines with overexpressed ErbB-2 or EGF receptor/
ErbB-2 chimeric receptors were generous gifts from Dr. Pier Paolo Di
Fiore (European Institute of Oncology, Milan, Italy) and have been
previously described elsewhere (25). The mammalian expression vector
pEGFP-C1 for heterologous fusion proteins to green fluorescent protein
(GFP) and monoclonal antibody to GFP were obtained from
CLONTECH.

Cell Culture and Transfection—Human mammary tumor-derived
SKBr8 cells were grown in 5% CO, at 37 °C in McCoy medium with 10%
fetal bovine serum, COS 7 cells were grown in Dulbecco’s modified
Eagle’s medium with 10% fetal bovine serum, and all fibroblast cell
lines were grown in Dulbecco’s modified Eagle’s medium containing
10% calf serum. Cells were grown to about 80% confluency then washed
two times, and treated with indicated drugs in serum-free Dulbeceo’s
modified Eagle’s medium. For transfection and expression of GFP fu-
sion protein, COS 7 cells were grown to ~70% confluency overnight and
transfected with LipofectAMINE (Life Technologies, Inc.) according to
manufacture’s recommendations (10 ug of plasmid DNA mixed with 16
1 of LipofectAMINE were used per 60-mm tissue culture dish). The
cells were grown for 48 h before assays.

Construction of GFP Fusion Proteins—The ErbB-2 kinase domain
and cytoplasmic region ¢DNA fragments were generated by PCR with
high fidelity VENT® DNA polymerase (New England BioLabs). Follow-
ing the numbering of Yamamoto et al. (26), the kinase domain fragment
and cytoplasmic domain fragment correspond, respectively, to residues
715-990 and 6761255 of ErbB-2. To prepare these two fragments the
following primers were synthesized: upstream primer with Sacl restric-
tion site 5-GGG ATC CTC ATC AAA CGA GCT CAG AAG ATC-Y
(primer 1), downstream primers with Xbal restriction sites 5’-ACT ACG
TCC AGT TCT AGA TCA CAC TGG CAC GTC CAG ACC-3' (primer 2),
5'-GTA GAA GGT GCT GTC TAG AGG ACT GGC TGG-3' (primer 3).
PCR products were cloned into pEGFP-C1 vector by using Sacl and
Xbal sites.

Construets with ErbB-2 carboxyl terminus and its truncation frag-
ments fused to GFP were prepared by megaprimer approach. The
carboxyl-terminal domain fragment corresponds to residues 991-1255
or ErbB-2 (26). In the first round of PCR the following primers that
contain stop codons were used as 5 primers: 5'-GTA CCC CTG CCC
TAA GAG ACT GAT GGG-3', 5'-CAG CCC CCT TAA CCC CGA GAG
GGC-3’, 5’-CCC CAG TAC TAA ACA CCC CAG GGA-8', 5'-CCC AGC
ACC TAA AAA GGG ACA CCT-3' and primer 2 as the 8’ primer. One
strand of this product was used as the 3' primer in a second round of
PCR with primer 1.

The following primers were used to prepare construct of GFP fusion
protein with EGF receptor kinase domain (residues 683-698, according
to the numbering of Ullrich ef al. (27)): 5'-CGA AGG CGC CAC AGA
GCT CGG AAG CGC ACG-3’ (upstream primer with Sacl restriction
* site) and 5'-GTA GAA GTT GGA GTC TAG AGG ACT TGG-3' (down-
stream primer with Xbel restriction site). The cDNA of ErbB-2 carboxyl
terminus (residues 991-1255, according to Yamamoto ef al. (26)) was
prepared with 5TCC CGC ATG GCC AGA GCT CCC CAG-3' up-
stream primer with Sael restriction site and primer 2 as downstream
primer.

To prepare construct with ErbB-2 kinase domain and EGF receptor
carboxyl terminus (residues 9591186, according to Ullrich ef al. (27 W,
Sacl restriction site in EGF receptor carboxyl terminus was mutated in
1 round PCR with primers 5'-CTC CTA AGT TCT CTG AGT GCA
ACC-3' (upstream primer) and 5'-TCA TAC TAT GGT GTC GAC TCA
TGC TCC AAT AAA TTC ACT GCT TTG-3' (downstream primer). PCR

product was used in second round of PCR to generate EGF receptor
carboxyl terminus with primer 5'-CAT TTG CCA AGT CCT CTA GAC
TCC AAC TTC-3' (upstream primer). The cDNA fragment for ErbB-2
kinase domain was prepared as described above with primers 1 and 3.
Both products were cut with Xbal and ligated. Then cDNA fragment
was cloned into pEGFP vector through Sacl and Sall restriction sites.
All the constructions described above were verified by sequencing in the
regions that underwent genetic manipulations.

Immunoprecipitation and Immunoblotting—After indicated treat-
ments, the cells were solubilized by scraping with rubber policeman into
cold lysis buffer (10 mum Tris-HCl, pH 7.5, 150 mm NaCl, 2 mm EDTA,
1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 10 pg/ml apro-
tinin, 10 pg/ml leupeptin, 1 mM Na,VO,). The lysates were then clari-
fied by centrifugation (14,000 X g, 10 min). Receptors were immuno-
precipitated with 1 pg of the indicated antibody immobilized on protein
G or protein A by incubation for 1 h at 4 °C. Subsequently, the com-
plexes were washed with lysis buffer three times and resuspended in
Laemmli sample buffer for 7.5% SDS-PAGE. After electrophoresis,
proteins were transferred to nitrocellulose membranes, and the mem-
branes were blocked by incubation with 5% bovine serum albumin in
PBS for 1h at room temperature. The membranes were then incubated
1h at room temperature with the indicated blotting antibody in TBSTw
buffer (50 my Tris-HCl, pH 7.4, 150 mum NaCl, 0.05% Tween 20, 0.5%
nonfat milk), washed three times in the same buffer, and incubated 1h
with horseradish peroxidase-conjugated mouse antibody or protein A.
The membranes were then washed five times in TBSTw and visualized
by ECL.

Confocal Microscopy—Cells were grown 1-2 days on Lab-Tek Cham- -

ber slides to 50-70% conflueney, treated for indicated times with
geldanamycin, and fixed by adding freshly prepared 4% paraformalde-
hyde in PBS and incubated for 1 h or overnight. Fixed SKBr3 and 3T3
cells were washed three times in PBS, permeabilized by incubation in
0.5% Triton X-100 in PBS for 10 min, and blocked by incubation with
5% bovine serum albumin in PBS for 1 h. Subsequently, the cells were
incubated with fluorescene dye-conjugated secondary antibody for 1 h,
washed five times, and dried. Fixed COS 7 cells expressing GFP fusion
protein were observed directly.

RESULTS

Influence of ErbB-2 Kinase Domain on Geldanamycin-in-
duced Degradation—To measure the extent of ErbB-2 degra-
dation in cells treated with geldanamycin, we have used, in
parallel, antibodies that react with ectodomain or carboxyl-
terminal domain epitopes of ErbB-2. The results, as shown in
Fig. 1A, demonstrate that immunoreactivity to both ectodo-
main and carboxyl-terminal domain antibodies is rapidly lost
following exposure to geldanamycin. The cells employed in this
experiment, SKBr3, overexpress ErbB-2, and quantitation of
the data indicates that in these cells the halflife of ErbB-2 is
approximately 2 h in the presence of geldanamycin. Others
have reported a similar halflife for ErbB-2 under these condi-
tions (19) and contrasts with the reported half-life of about 7-9
h for ErbB-2 under normal conditions (28, 29). This influence of
geldanamycin on ErbB-2 metabolic stability is reasonably spe-
cific because no significant decrease in the structurally related
receptors ErbB-1 or ErbB-4 was detected following geldanamy-
cin treatment of A-431 cells or T47-17 cells, respectively (Fig.
1B).

To map the region of ErbB-2 that mediates geldanamycin
sensitivity, we initially employed chimeric receptors in which
the cytoplasmic domain of the EGF receptor is replaced by that
of ErbB-2 (EGFR/ErbB-2°P) or in which the carboxyl-terminal
domain of the EGF receptor is replaced by the corresponding
region of ErbB-2 (EGFR/ErbB-2°T). These chimeric receptors
are expressed in NIH 3T3 cells and have been described previ-
ously (25). The data in Fig. 2 show that following the addition
of geldanamycin the chimeric receptor having the entire
ErbB-2 cytoplasmic domain is sensitive to drug-induced degra-
dation, whereas the chimeric receptor that contains only the
carboxyl-terminal domain of ErbB-2 is not influenced by the
presence of geldanamycin. In this experiment the EGFR/ErbB-
2°P receptor has a half life of approximately 3.9 h in the pres-
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Fic. 1. Metabolic stability of ErbB-2, EGF receptor, and
ErbB-4 in the presence of geldahamycin. A, SKBr3 cells were
treated with geldanamycin (8 M) for the indicated periods of time. The
cells were then lysed, and Western blots (WB) were prepared from equal
aliquots (50 pg) of the lysates using antibody to either the ErbB-2
cytoplasmic domain (CD) or ectodomain (ED). The blots in lanes 1-4
were evaluated by scanning densitometry to quantitate the amount of
ErbB-2 present as a function of the time of drug exposure. B, A-431 cells
that overexpress the EGF receptor (lanes I-5) or NIH3TS3 cells that
overexpress a transfected human ErbB-4 receptor (lanes 5-8) were
exposed to geldanamycin (3 uM) for the indicated periods of time. The
cells were then lysed, and equal aliquots of each lysate (50 ug) were
used for immunoprecipitation (IP) of the indicated receptor. Western
blots were then performed as indicated, and bound antibody was visu-
alized by ECL. '
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FiG. 2. Evaluation of EGF receptor/ErbB-2 chimeric molecules
for sensitivity to geldanamycin-induced degradation. NTH3T3
cells expressing a chimeric EGFR with an ErbB-2 cytoplasmic domain
(EGFR/ErbB-2°P) or an ErbB-2 carboxyl-terminal domain (EGFR/
ErbB-2°T) were treated with geldanamycin (3 um) for the indicated
periods of time. The cells were lysed, proteins in equal aliquots (50 ug)
of each lysate were separated by SDS-PAGE, and Western blots were
performed using an antibody to an epitope in the carboxyl-terminal
domain of ErbB-2. Bound antibody was visualized by ECL.

ence of geldanamycin. In the same background the ErbB-2
receptor has a half-life of about 3.3 h in the presence of this
drug (data not shown). Therefore, the ectodomain of ErbB-2
does not have a significant role in determining the sensitivity of
this receptor to geldanamycin-induced degradation. Given the
data in Fig. 1B showing that the EGF receptor is not sensitive
to geldanamycin, these results suggest that the kinase domain
and/or juxtamembrane region of the ErbB-2 cytoplasmic do-
main mediate sensitivity to geldanamycin-induced degrada-
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Fic. 8. Sensitivity of GFP-ErbB2 fusion proteins to geldana-
mycin-induced degradation. A, constructs encoding GFP, GFP-
ErbB2°7, or GFP-ErbB2°P were expressed in COS 7 cells and tested for
metabolic stability following incubation for 6 h in the absence (—) or
presence (+) of geldanamycin (3 uM). Following the incubations, the
cells were lysed, equivalent aliquots (30 ug) of each lysate were elec-
trophoresed, and fusion proteins were detected by Western blotting
with anti-GFP. B, constructs encoding GFP fusions with the ErbB-2
kinase domain (GFP-ErbB2¥P; lanes 1-4) or the EGF receptor kinase
domain (GFP-EGFRX; lanes 5-8) were expressed in COS 7 cells. The
cells were treated with geldanamycin (8 pm) for the indicated times
prior to cell lysis. Equal aliquots (30 ug) of each lysate were then
electrophoresed, and Western blotting with anti-GFP was used to detect
fusion proteins. C, scanning densitometry of the data in B was used to
quantitate the level of each fusion protein. Bound antibody was de-
tected in each panel by ECL. Closed bars represent GFP-ErbB2%P, and
open bars represent GFP-EGFR¥P.

tion. This conclusion is consistent with the results of Miller et
al. (19), who reported that an ErbB-2 internal deletion mutant
lacking the kinase domain was not degraded in the presence of
geldanamycin.

To directly test the possibility that the kinase domain deter-
mined geldanamycin sensitivity, we constructed GFP fusion
proteins with the ErbB-2 cytoplasmic domain (GFP-ErbB-2°P),
the ErbB-2 kinase domain (GFP-ErbB-2XP), the ErbB-2 car-
boxyl-terminal -domain (GFP-ErbB-2°T), or the EGF receptor
kinase domain (GFP-EGFRXP). These fusion proteins were ex-
pressed in COS 7 cells and tested for sensitivity to geldanamy-
cin by blotting lysates with antibody to GFP after incubating
the cells in the absence or presence of the drug. The results are
shown in Fig. 3. As a control, we tested the sensitivity of GFP
to geldanamycin, and, as shown in Fig. 3A (lanes 1 and 2),
treatment with geldanamycin for 6 h induced no decrease in
the cellular level of GFP. Also, there was no geldanamycin-
induced degradation of the GFP fusion proteins containing the
carboxyl terminus of ErbB-2 (Fig. 34, lanes 3 and 4) or the
entire cytoplasmic domain of ErbB-2 (Fig. 34, lanes 5 and 6).
However, the GFP fusion protein containing the ErbB-2 kinase
domain (Fig. 3B, lanes 1-4) was rapidly degraded in the pres-
ence of geldanamycin, whereas there was no degradation of a
fusion protein containing the EGF receptor kinase domain (Fig.
3B, lanes 5-8). The results in Fig. 3B are quantitated in Fig. 3C
and show the increased sensitivity of the ErbB-2 kinase do-
main to geldanamycin compared with the EGF receptor kinase
domain.

In this system, the lack of sensitivity to geldanamycin is, on
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F1c. 4. Role of the ErbB-2 carboxyl terminus in the sensitivity
of the ErbB-2 kinase domain to geldanamyecin-induced degrada-
tion. A, constructs encoding fusion proteins of GFP with the ErbB-2
kinase and carboxyl-terminal domains (GFP-ErbB2® * CT} were ex-
pressed in COS 6 cells. The constructs contained the entire carboxyl-
terminal domain (wt, lanes 7 and 2) or were truncated at the indicated
residues in the carboxyl-terminal domain (lanes 3-14). The cells were
then treated with (+) or without (—) geldanamycin (8 pm) for 6 h.
Lysates were prepared, and equal aliquots (30 11g) were electrophoresed
on 10% SDS-PAGE gels. Subsequently, Western blotting with anti-GFP
was used to detect the fusion protein bands, which were visualized by
ECL. B, a construct encoding a fusion protein of GFP with the ErbB-2
kinase domain and the EGF receptor carboxyl terminus (GFP-ErbB2ED
EGFR®") was expressed in COS 7 cells. The cells were then treated with
(+) and without (—) geldanamycin (3 pM) for 6 h, and lysates were
prepared. Equal aliquots (30 ug) of each lysate were electrophoresed
and blotted with antibody to GFP. Bands were visualized by ECL.

the basis of previous data as expected for fusion proteins con-
taining the ErbB-2 carboxyl-terminal domain or the EGF re-
ceptor kinase domain. That the fusion protein containing only
the ErbB-2 kinase domain is rapidly degraded in the presence
of geldanamyein indicates that the kinase domain is sufficient
to mediate its degradation. However, the lack of degradation of
the fusion protein containing the entire ErbB-2 cytoplasmic
domain was unexpected and is in apparent discordance with
the geldanamycin-induced degradation of the EGF receptor/
ErbB-2 chimeric receptor, which contains the entire ErbB-2
cytoplasmic domain (Fig. 2, lones 1-4).

These latter results suggested that perhaps within the con-
text of cytosolic GFP fusion proteins, but not in the transmem-
brane ErbB-2 molecule, the ErbB-2 carboxyl terminus had a
protective effect on the sensitivity of the kinase domain to
degradation induced by geldanamycin. To test this possibility
we constructed a series of GFP fusion proteins containing the
ErbB-2 kinase and carboxyl-terminal domains with progressive
deletions of the ErbB-2 carboxyl-ferminal domain. The
geldanamycin sensitivity of these constructs, when expressed
in COS 7 cells, is shown in Fig. 4. Deletion of the carboxyl-
terminal 19 residues (A1236-1255, lanes 3 and 4) or 59 resi-
dues (A1196-1255, lanes 5, 6) did not increase sensitivity of the
fusion proteins to degradation in the presence of geldanamyein.
However, increased sensitivity to geldanamycin-induced deg-
radation was observed when deletions of 105 or more residues
were made in the ErbB-2 carboxyl-terminal domain (lanes
7-14). Hence, loss of the amino-terminal half of this carboxyl-
terminal domain significantly increases the sensitivity of the
ErbB-2 kinase domain to geldanamycin.

In this series of fusion proteins we also determined whether
the carboxyl-terminal domains of the EGF receptor would ab-
rogate sensitivity of the ErbB-2 kinase domain to geldanamy-
cin. Hence, we prepared a fusion protein construct o encode
the kinase domain of ErbB-2 and carboxyl-terminal domain of
the EGF receptor. When this molecule was expressed in COS 7
cells, the results (Fig. 4B) showed complete sensitivity to
geldanamycin-induced degradation in contrast to the fusion
protein containing the carboxyl-terminal sequences of ErbB-2
(lanes 1 and 2).
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Fic. 5. Evidence for fragmentation of ErbB-2 during geldana-
mycin {GA)-induced degradation. NIH3T3 cells that express the chi-
meric EGF receptor containing the ErbB-2 cytoplasmic domain (EGFR/
ErbB-2°) were preincubated for 1 h with ALLN (250 um) as indicated

prior to the addition of geldanamycin (8 M) for the indicated periodsof

time. The cells were then lysed, and equal aliquots (0.5 mg) of each
lysate were precipitated with antibody to the EGF receptor ectodomain
(EGFR(ED)). Following SDS-PAGE, Western blotting with a second
antibody to the EGF receptor ectodomain was used to detected immu-
noreactive bands, which were visualized ECL. IP, immuneprecipitation;
WB, Western blot.

Detection of Geldanamycin-induced ErbB-2 Fragments—The
above results, which indicate a role of the ErbB-2 carboxyl-
terminal domain in determining the sensitivity of ErbB-2 ki-
nase domain fo geldanamycin-induced degradation, suggested
that perhaps the carboxyl-terminal region of the transmem-
brane receptor might be cleaved following the addition of
geldanamycin and that this event may be necessary for subse-
quent degradation of the ErbB-2 molecule, perhaps in 2 man-
ner that required localization at the plasma membrane and not
in the cytosol. Therefore, we re-examined the geldanamyecin-
induced degradation of the chimeric EGF receptor/ErbB-2CP
molecule, whose degradation in the presence of geldanamycin
was shown in Fig. 2 (lanes I-4). If the carboxyl terminus is, in
fact, cleaved prior to degradation, then the antibodies used in
the experiment shown in Fig. 2 would not detect the remaining
membrane-localized fragment because they are to an epitope in
the ErbB-2 carboxyl terminus. Hence, we tested the geldana-
mycin-induced degradation of this molecule using an antibody
to the EGF receptor ectodomain. As shown in Fig. 5, this
antibody detected both the native 185-kDa form of the chimeric
receptor plus a geldanamycin-induced fragment of approxi-
mately 135 kDa (lanes 2 and 3). As shown in lane 5, the
formation of this fragment in cells exposed to geldanamycin
was blocked by the presence of the protease inhibitor ALLN
and to a lesser extent by lactacystin (data not shown).

We next attempted to confirm that geldanamycin induced a
carboxyl-terminal cleavage in the native ErbB-2 molecule as
well as the chimeric receptor. To test this we used SKBr3 cells
and an antibody to an epitope in the ErbB-2 ectodomain. As
shown in Fig. 6A (lane 2) incubation of these cells with geldana-
myecin for 6 h resulted in the loss of the native ErbB-2 molecule,
and no fragment was detected. This result is similar to that
reported in Fig. 14 (lanes 5-8). We reasoned that perhaps in
these cells the fragment was metaholically unstable and might
be detectable if the geldanamycin treatment were performed at
a low temperature to reduce metabolic degradation. In this part
of the experiment (lanes 3 and 4), geldanamycin was added to
the cells for 1 h at 37 °C, and then the cells were cooled to 4 °C
and incubated for an additional 5 h. Under these conditions an
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Fic. 6. Geldanamycin (GA)-induced cleavage of ErbB-2. A, as
indicated, SKBr3 cells were preincubated with ALLN (250 um) for 1 h.
The cells were then incubated with geldanamyecin (3 um) for 5 h at 37 °C
(lanes 1 and 2) or 1 h at 37 °C followed by 4 h at 4 °C (lanes 3 and 4). Cell
lysates were then prepared, and equal (30 pg) aliquots of each lysate
were analyzed by electrophoresis and Western blotting, using antibody
to an epitope in the ErbB-2 ectodomain (anti-ErbB-2 (ED)) and ECL. B,
SKBr3 cells were preincubated for 1 h with the cathepsin B inhibitor
CA074-Me (100 uM) as indicated, and then geldanamycin (3 uM) was
added for 6 h. Following cell lysis, aliquots (30 pg) of each lysate were
electrophoresed and blotted with antibody to the ErbB-2 ectodomain
(lanes 1-3) or antibody to the ErbB-2 carboxyl-terminal domain (lanes
4-6). Bound antibody was then visualized by ECL. C, SKBr3 cells were
preincubated for 1 h as indicated with chloroquine (100 pm), monensin
(50 um), or folimyein (1.0 pug/ml). Geldanamycin (3 uM) was then added,
and the incubation was continued an additional 6 h. Cell lysates were
then prepared, and equal aliquots (30 ug) of each lysate were electro-
phoresed and Western blotted (WB) with antibody to the ectodomain of
ErbB-2 (lanes 1-6) or antibody to the carboxyl terminus of ErbB-2
(lanes 7-11).Bound antibody was visualized by ECL.

ErbB-2 fragment of 135 kDa was detectable, and in the pres-
ence of ALLN this fragment was not detected. These data
indicated that endogenous ErbB-2 is cleaved within the cyto-
plasmic domain in geldanamycin-treated cells.

A number of protease inhibitors were tested without success
for their capacity to prevent degradation of the 135-kDa ErbB-2
fragment produced in response to geldanamycin. However, the
cathepsin B inhibitor CA074-Me (30) did stabilize the level of
the ErbB-2 fragment in geldanamycin-treated cells (Fig. 6B).
Because cathepsin B is mainly localized in late endosomes (31),
we tested compounds that interfere in the acidification and/or
processing of endosomes. As shown in Fig. 6C (lanes 1-5),
chloroquine, monensin, and folimycin each significantly in-
creased accumulation of the 135-kDa ErbB-2 fragment in
geldanamycin-treated cells. In the absence of geldanamyecin,
none of these compounds revealed major immunoreactive
bands other than the native ErbB-2. Detection of this accumu-
lated 135-kDa fragment was not possible when an antibody to
the ErbB-2 carboxyl-terminal domain was employed (lanes
6-10), supporting the conclusion that this fragment is pro-
duced by a cleavage at the carboxyl terminus of ErbB-2.

If ErbB-2 is cleaved at the carboxyl terminus such that an
antibody epitope is lost from the native molecule, an antibody
to a carboxyl-terminal epitope may be able to detect the re-
leased fragment if it is sufficiently metabolically stable. That
such a carboxyl-terminal ErbB-2 fragment can be detected in
lysates from geldanamycin-treated cells blotted with an anti-
body to the ErbB-2 carboxyl terminus is shown in Fig. 7. As
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Fic. 7. Detection of an ErbB-2 carboxyl-terminal fragment
produced by exposure to geldanamycin (GA). A, SKBr3 cells were
preincubated for 1 h with ALLN (250 uM) or proteasome inhibitor I (100
M), as indicated, prior to the addition of geldanamycin (8 um) for an
additional 6 h. B, SKBr3 cells were preincubated with ALLN (250 pm)
for 1 h and then with geldanamycin (8 uM) for the indicated times. In
both experiments cell lysates were prepared, and equal aliquots (30 pug)
were subjected to electrophoresis and Western blotting (WB) using
antibody to an ErbB-2 carboxyl-terminal domain epitope. Bound anti-
body was visualized by ECL.

demonstrated in Fig. 7A, the presence of protease inhibitors
ALLN or proteasome inhibitor I reveals the presence of a 23-
kDa ErbB-2 carboxyl-terminal fragment produced during
geldanamycin exposure of SKBr3 cells. The data in Fig. 7B
show the influence of incubation time in geldanamycin on the
accumulation of this fragment in SKBr3 cells. The fragment is
readily detected within 1 h following the addition of geldana-
mycin. The previously described 135-kDa ErbB-2 fragment is
also readily detected in the same period of time (data not
shown).

Geldanamycin-induced Intracellular ErbB-2 Containing
Vesicles—The capacity of folimycin, chloroquine, or monensin
to increase accumulation of the 135-kDa ErbB-2 fragment sug-
gests that this fragment is normally degraded by a mechanism
that involves endocytic vesicles. Therefore, we used confocal
microscopy to determine whether ErbB-2 is internalized during
geldanamycin treatment. Following drug or vehicle exposure
for 6 h, the cells were fixed and permeabilized prior to incuba-
tion with antibody to ErbB-2 and fluorescene-conjugated sec-
ond antibody. Shown in Fig. 8 are SKBr3 cells with endogenous
ErbB-2 (Fig. 8, A and B), NIH 3T3 cells stably expressing
transfected ErbB-2 (Fig. 8, C and D), and COS 7 cells tran-
siently expressing a GFP fusion protein with the ErbB-2 kinase
domain (Fig. 8, E and F). In the absence of geldanamycin, the
transmembrane form of ErbB-2 is clearly expressed at the cell
surface in SKBr3 (Fig. 84) and NIH 3T3 cells (Fig. 8C),
whereas the GFP fusion protein is located in the cytosol of COS
7 cells (Fig. 8E). In each case the distribution is changed
dramatically following geldanamyecin incubation, such that im-
munoreactivity is concentrated in intracellular vesicles, which
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FiG. 8. Formation of intracellular vesicles containing ErbB-2
during incubation with geldanamycin. SKBr3 cells {4 and B) or
NIHSTS3 cells expressing ErbB-2 (C and D) or COS 7 cells expressing the
fusion protein GFP-ErbB2*P (E and F) were growth on Lab-Tek slides.
The SKBr3 and NIH3T3 cells were then incubated in the presence or
absence of geldanamycin (8 pm) for 6 h. The COS 7 cells were incubated
with or without geldanamycin for 3 h at 48 h post-transfection with the
¢DNA vector encoding GFP-ErbB2%P, All cells were then fixed in
paraformaldehyde, permeabilized with Triton X-100, and stained with
antibody to the ErbB-2 ectodomain (A-D). Antibodies or GFP were
visnalized by confocal microscopy as described under “Experimental
Procedures.”

mimic the appearance of lysosomes (Fig. 8, B, D, and F). The
vesicles could be detected within 2 h of geldanamycin consist-
ent with the time course of ErbB-2 degradation. The presence
of either ALLN or folimycin decreased the redistribution of
ErbB-2 immuncreactivity observed in the presence of geldana-
mycin (data not shown). Also, the GFP fusion protein with the
entire ErbB-2 cytoplasmic domain, which we have previously
shown is metabolically stable in the presence of geldanamycin
(Fig. 34, lanes § and 6), was not redistributed in the presence
of the drug {data not shown).

DISCUSSION

In this manuscript we report several novel aspects of the
mechanism by which geldanamyecin induces the degradation of
ErbB-2. Using antibodies to both ectodomain and carboxyl-
terminal epitopes, we detect two fragments of ErbB-2 produced
following geldanamycin incubation. One fragment of 135 kDa
represents the ErbB-2 ectodomain plus the transmembrane
domain and part of the kinase cytoplasmic domain. A second
fragment of approximately 23 kDa is also detected under these
conditions and represenis the carboxyl-terminal domain of
ErbB-2. These fragments are detectable within 30—60 min of
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Fic. 9. Schematic models for geldanamyecin-dependent proteo-
Iytic fragmentation of ErbB-2. In the center the 185kDa native
ErbB-2 molecule is depicted with ectodomain (ED), transmembrane
domain (TM), kinase domain (KD), carboxyl-terminal domain (CT), and
cytoplasmic domain (CD). Model I, to the left, depicts one potential
route for ErbB-2 fragmentation, and model II, to the right, presents an
alternate pathway.

geldanamycin addition fo cells and continue to be detected for
several hours. These two fragments do not, however, account
for the entire mass of the native ErbB-2 molecule. In previous
studies of geldanamycin-induced ErbB-2 degradation, frag-
ments of this molecule have not been detected. This is hikely
due to two factors. The first is the absence of appropriate
inhibitors and the second is the use of different antibodies for
sequential precipitation (cytoplasmic domain epitope) and blot-
ting (ectodomain epitope).

Based on the characteristics of these fragments, at least two
mechanisms can be proposed to account for the generation of
these fragments (Fig. 9). In model 1, an endoproteolytic cleav-
age within the carboxyl-terminal domain could directly gener-
ate the observed 23-kDa fragment plus a 160-kDa fragment
representing the rest of the ErbB-2 molecule. Subsequent
cleavage of this latter fragment within the kinase domain could
generate the observed 135-kDa fragment plus a small fragment
of approximately 27 kDa that is undetectable with available
immunologic reagents. Alternatively, it can be proposed that
fragments are produced in the order predicted in model II. In
this case an endoproteolytic event within the kinase domain
would directly generate the observed 135-kDa transmembrane
fragment plus a fragment of about 50 kDa. Subsequent cleav-
age of this latter fragment would produce the observed 23-kDa
carboxyl-terminal domain fragment.

In either model intermediate fragments have not been de-
tected (the 160-kDa fragment in model I or the 50-kDa frag-
ment in model II), and this may be due to the rapidity with
which the second cleavage occurs. We prefer the scheme de-
picted in model I for the following reasons. Our data show that
expression of the ErbB-2 cytoplasmic domain as a cytosolic
GFP fusion protein is not sensitive to geldanamycin-induced
degradation, whereas a GFP fusion with the ErbB-2 kinase
domain without the carboxyl-terminal domain is sensitive to
geldanamycin-induced degradation. Also, the transmembrane
ErbB-2 receptor is sensitive to degradation induced by geldana-
myecin. This suggests that preteolytic cleavage of the carboxyl-
terminal domain may be restricted topologically within the cell
to an area near the cytoplasmic face of the plasma membrane
and not available to mediate cleavage of the cytosolic GFP
fusion protein containing the entire ErbB-2 cytoplasmic do-
main. The exact protease(s) that generate these ErbB-2 frag-
ments in response to geldanamyein have not been identified.

The metabolic stability of ErbB-2 in cells is likely complex,
and ectodomain cleavage by metalloprotease activity has been
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reported (32-35). In these experiments we have not observed
ectodomain fragmentation, which produces fragments of differ-
ent sizes than those we have detected in geldanamycin-treated
cells.

" The data in this manuscript indicate that complex series of
proteolytic events are involved in the degradation of ErbB-2.
This would include the proteosome as well as cathepsin B, an
endosomal protease. Mimnaugh et al. (23) reported that lacta-
cystin (10 um), a proteosome inhibitor, blocked the geldanamy-
cin-induced loss of the 185-kDa native form of ErbB-2. We find
that lactacystin (10—40 uMm) only partially prevents cleavage of
the native ErbB-2 molecule and that ALLN is more effective in
this regard. ALLN, like lactacystin, is a proteosome inhibitor,
but it also inhibits other proteases such as calpain and cathep-
sin B and L. However, various calpain inhibitors (calpain in-
hibitor III, calpain inhibitor V, and calpastatin) do not block
geldanamycin-induced fragmentation of ErbB-2 in our system.

In our experiments geldanamycin induces the formation of
intracellular vesicles containing ErbB-2. Previously the accu-
mulation of such vesicles was only reported after a prolonged
22-h incubation in the presence of geldanamycin and was at-
tributed to the relocalization of newly synthesized ErbB-2 mol-
ecules (22). We observed the much more rapid formation of
intracellular ErbB-2-containing vesicles, within 2 h of geldana-
mycin exposure. These vesicles also form when cells expressing
the cytosolic GFP fusion protein with the ErbB-2 kinase do-
main are treated with geldanamycin. Also, the formation of
these vesicles containing ErbB-2 is blocked by agents that
interfere in the processing and acidification of endosomes, such
as chloroquine, folimycin, and monensin. Hence, we conclude
that these vesicles containing ErbB-2 are derived from the
plasma membrane and that endosomal proteases, such as ca-
thepsin B, participate in the degradation of internalized
ErbB-2. The manner in which these vesicles are actually
formed is, however, not clear. Inhibitors of cathepsin B, such as
CA074-Me, have been shown to inhibited degradation of EGF
and the EGF receptor within endosomes (30).

Lastly, our results indicate that the kinase domain of ErbB-2
mediates sensitivity to geldanamycin. Previously, Miller et al.
(19) have shown that the ErbB-2 mutants lacking the entire
cytoplasmic domain or the kinase domain are not degraded in
cells treated with geldanamycin. Our analysis of chimeric re-
ceptors and GFP fusion protein agrees with that data.

Geldanamycin induces the metabolic degradation of other
protein kinases, such as Raf and Src. In the case of Raf, in
particular, the geldanamycin-binding protein Hsp90 along
with another protein p50°%3? interact with the raf kinase do-
main (36, 37). It seems likely that a geldanamycin-binding
protein, perhaps Hsp90, also interacts with the ErbB-2 kinase
domain and, in the absence of geldanamyecin, assists in the
maintenance of this kinase domain in an active conformation.
Given the intracellular abundance of proteins such as Hsp90,
this interaction could be of low affinity and not readily detected
by assays such as co-immunoprecipitation. Additional experi-
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ments will explore this issue.
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The geldanamycin-induced degradation of ErbB-2
produces a 23-kDa carboxyl-terminal fragment, which
has been isolated and subjected to amino-terminal mi-
crosequencing. The obtained sequence indicates that
the amino terminus of this fragment corresponds to Gly-
1126 of ErbB-2. Analysis of the residues immediately
before Gly-1126 suggests that cleavage may involve
caspase activity. Site-directed mutagenesis of Asp-1125
in ErbB-2 prevents geldanamycin-provoked formation
of the 23-kDa fragment, consistent with the requirement
of this residue for caspase-dependent cleavage in known
substrates. Also, the addition of the pan-caspase inhibi-
tor Z-VAD-FMK blocks formation of the 23-kDa ErbB-2
fragment in cells exposed to geldanamycin. Interest-
ingly, staurosporin and curcumin are also shown to pro-
voke the degradation of ErbB-2 with formation of the
23-kDa carboxyl-terminal fragment. The generation of
this fragment by staurosporin or curcumin is likewise
blocked by caspase inhibition. Caspase inhibition does
not prevent accelerated degradation of the 185-kDa na-
tive ErbB-2 in geldanamycin-treated cells but does sig-
nificantly prevent staurosporin-stimulated metabolic
loss of ErbB-2.

ErbB-2, a Type I transmembrane receptor tyrosine kinase,
functions as a co-receptor by dimerizing with ligand-occupied
members of the ErbB family, the EGF receptor, ErbB-3, or
ErbB-4 (1-3). This heterodimerization event is considered to
alter the signaling capacity and cellular responses provoked by
homodimers of occupied ErbB receptors. No ligand has been
identified that directly interacts with the ectodomain of
ErbB-2.

ErbB-2 was originally identified as the transforming onco-
gene neu, which contains a point mutation in the transmem-
brane domain that is responsible for its oncogenic potential (4).
Overexpression of ErbB-2 also produces a transformed pheno-
type in experimental systems (5-7). Importantly, ErbB-2 is
frequently overexpressed in carcinomas, particularly mammary
and ovarian carcinomas, and is associated with a poor prognosis
(8-10). ErbB-2 antibodies (11, 12) and agents such as interferon
(13) or tyrosine kinase inhibitors (14) decrease the growth of
ErbB-2-expressing tumor cells and also reduce the cellular level
of ErbB-2 (15). In many of these instances the decreased growth
provoked by the loss of ErbB-2 is due to increased apoptosis. In
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contrast, the overexpression of ErbB-2 can prevent the induction
of apoptosis (15). Hence, the growth-controlling activity of ErbB-2
is related to structural changes or alterations in its level of
expression.

The benzoquinoid anasamycin antibiotic geldanamycin was
first isolated and described as an inhibitor of tyrosine kinase
activity (16). Subsequently, geldanamycin was shown to pos-
sess tumoricidal activity toward cell lines that overexpress
ErbB-2 (17). Currently geldanamycin derivatives designed to
reduce toxicity are in clinical trials for certain cancer patients
(18). The addition of geldanamycin to cells results in an in-
creased rate of degradation of several protein kinases, includ-
ing ErbB-2 (17), Src (19), Raf (26), and focal adhesion kinase
(20) as well as other growth-regulating proteins such as p53
(21). The mechanism by which geldanamycin provokes the
degradation of these and other proteins is not clear but is
thought to involve the Hsp90 family of chaperones, which are
the major intracellular proteins that bind geldanamycin (22,
23). However, the manner in which Hsp90 or other geldana-
mycin-binding proteins influences the physiology of ErbB-2 is
not known.

Geldanamycin binds to Hsp90 and inhibits its ATPase activ-
ity, which is required for its chaperone function (24, 25). Al-
though association of Hsp90 with Sre (19) and Raf (26) have
been documented, only GRP94 was originally reported to be
associated with ErbB-2 (27). The idea that GRP94 mediates
geldanamycin-induced degradation of ErbB-2 was not widely
accepted, however, due to its subcellular localization (81) and
the fact that geldanamycin-sensitivity requires the tyrosine
kinase domain of ErbB-2 (17, 29), which is never present within
the lumen of the endoplasmic reticulum. However, recently it
has been reported that Hsp90 does, in fact, associate with
ErbB-2 in a manner that is disrupted by the presence of
geldanamycin (30). Hence it is possible that Hsp90 is associ-
ated with the tyrosine kinase domain of ErbB-2 and may reg-
ulate the conformation or the enzymatic function of ErbB-2.
Geldanamycin then represents a tool with which to perturb
that association.

A previous study of ErbB-2 degradation stimulated by
geldanamycin demonstrated the appearance of two fragments
(29). One large fragment of 135 kDa included the ectodomain,
the transmembrane domain, and part of the cytoplasmic do-
main. The other fragment of 23 kDa was derived from the
carboxyl-terminal portion of the ErbB-2 cytoplasmic domain.
These studies also indicated that the 135-kDa fragment was
degraded by lysosomes, whereas degradation of the 23-kDa
fragment depended on proteosome function. In the experiments
reported in this manuscript, the exact nature of the 23-kDa
fragment is described as is the nature of the enzyme that
produces this fragment from ErbB-2.
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33676 ErbB-2 Degradation .
EXPERIMENTAL PROCEDURES ALEIN — — &+
Materials—Geldanamyein, curcumin, staurcsporin, and enhanced GA — + +
chemiluminescence (ECL) reagents were purchased from Sigma. Poly-
vinylidene difluoride membrane was from Bic-Rad. N-Acetyl-L-leucinyl- 200kD ———g“i
L-leucinyl-L-norleucinal (ALLN),' caspase inhibitor I (Z-VAD-FMK), 120kD — Bgnt s §
and proteasome inhibitor I were from Calbiochem. Monoclonal antibedy 80KkD —
against the ErbB-2 extracellular domain (Ab5) was from Transduction 52kD —— - -
Laboratories, whereas monoclonal antibody against the ErbB-2 carbox- P -
ylterminal domain (Ab3) was purchased from Calbiochem. The 36KD —
pcDNA3.1+ vector was obtained from Invitrogen. Goat anti-mouse
antibody cross-linked with horseradish peroxidase was from Zymed 30kD — 5w w .
Laboratories Inc., and LipofectAMINE was purchased from Life Tech- - i
nologies, Inc. 2D —
Cell Culture and Transfection—SKBr3 human breast cancer cells W.B.: anti-ErbB2(CT)

were grown to near confluence in 5% CO, at 37 °C in McCoy’s medium
with 10% fetal bovine serum and then washed and treated with the
indicated compounds in Dulbecco’s modified Eagle’s medium. Cos7 cells
were grown overnight in Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum to about 80% confluence and then transfected with
LipofectAMINE according to the manufacture’s recommendations (3 pg
of DNA of pcDNA3.1+ vector was used per 60-mm culture dish).

Construction of ErbB-2 Mutants—ErbB-2 mutants were prepared by
site-directed mutagenesis using a megaprimer approach. To facilitate
manipulations with the ErbB-2 intracellular region, a Sell restriction
site downstream of the transmembrane region was generated by polym-
erase chain reaction (silent mutagenesis) using the following primers:
primer 1, ACT ACG TCC AGT TCT AGA TCA CAC TGG CAC GTC CAG
ACC (38'); primer 2, AAG TAC ACGATG CGT CGACTG CTG CAG (5');
primer 3, CTG CAG CAG TCG ACG CAT CGT GTA(3’); primer 4, AGA
CCC AAG CTG GCT AGC GCC ACC ATG GAG CTG GCG GCC TTG
TGC CGC(5"). The resultant two polymerase chain reaction products
(primers 1 and 2; primers 3 and 4) were cut with Nhel, Sall, and Xbal
restriction sites and ligated into the pcDNA3.1+ vector through Nhel
and Xbal sites (3-piece ligation).

Mutations in the ErbB-2 carboxyl terminus were introduced in the
first round of polymerase chain reaction with primer 1 as the 3' primer
and the following 5’ primers: primer 5, CTG CCC TCT GAG ACT GCT
GGC TAC GTT (D1125-A); primer 6, TCT GAG ACT GAA GGC TAC
GTT (D1125-E); primer 7, TCT GAG ACT GAT GCC TAC GTT GC
((31126-A). One strand of these products was used as the 3’ primer in
the second round of polymerase chain reaction with primer 2 as the 5
primer. The final products were ligated through Sa/l and Xbal restric-
tion sites into the pcDNAS3.1+ vector. All mutations were confirmed by
sequencing.

Immunoblotting—At the end of each experiment the cells were sol-
ubilized by scraping into cold lysis buffer (10 mm Tris/HCI, pH 7.5, 150
mM NaCl, 2 mm EDTA, 1% Nonidet P-40, 1 mm phenylmethylsulfonyl
fluoride, 10 pg/ml aprotinin, 10 ug/ml leupeptin, 1 mM NayVO,). The
lysates were then clarified by centrifugation (14,000 X g, 10 min), and
equal aliquots (40 pg) were subjected to SDS-PAGE electrophoresis.
Proteins were then transferred to a nitrocellulose membrane for West-
ern blotting. The membrane was blocked by incubation with 5% bovine
serum albumin in phosphate buffer saline for 1 h at room temperature.
The membrane was then incubated for 1 h with the indicated primary
antibody in TBSTw buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl,
0.05% Tween 20, 0.2% nonfat milk), washed 3 times in the same buffer,
and incubated for 1 h with horseradish peroxidase-conjugated second
antibody. The membrane was then washed five times with TBSTw
buffer and visualized by ECL.

Amino-terminal Microsequencing—SKBr3 cells were grown on 20
150-mm tissue culture dishes to 80% confluence (~10 X 10° cells/plate)
and washed with Dulbecco’s modified Eagle’s medium. The cells were
then preincubated for 1 h with ALLN (250 pM) and treated with
geldanamyecin (3 un) for 5 h. Subsequently, the cells were scraped with
a rubber policeman into cold lysis buffer and centrifuged (20,000 X g, 30
min). The high molecular weight proteins, including native ErbB-2,
were removed by ultrafiltration using a Centriplus membrane with a
cut-off of 100 kDa (Millipore). The filtrate (~30 m)) was incubated with
40 ug of antibody against ErbB-2 carboxyl terminus and protein G-
Sepharose for 2 h and then washed five times with lysis buffer. Immu-
noreactive material was separated by 13% SDS-PAGE, transferred to
the polyvinylidene difluoride membrane, and stained with Coomassie
Blue. The 23-kDa band was cut out of the membrane and subjected to

1The abbreviations used are: ALLN, N-acetyl-L-leucinyl-L-leucinyl-
L-norleucinal; Z-VAD-FMK, benzyloxycarbonyl-Val-Ala-Asp-flucro-
methyl ketone; PAGE, polyacrylamide gel electrophoresis.

Fic. 1. Geldanamyecin-induced formation of the 23-kDa ErbB-2
fragment. Cos7 cells were transfeeted with ErbB-2 as described under
“Experimental Procedures.” The cells were then treated with ALLN
(250 pm) for 1 h, and geldanamycin (GA, 3 pM) was added for an
additional 6 h. The cells were then lysed, and proteins in an aliquot of
the lysate (40 pg) were separated by SDS-PAGE. A Western blot (W.B.)
was performed using antibody against the ErbB-2 carboxyl-terminal
domain (CT), and bound antibody was detected by ECL.

7 cycles of Edman degradation using an Applied Biosystems Procise
sequencer.

RESULTS

Sequencing of the 23-kDa Fragment of ErbB-2—Previously,
we have shown that when the mammary carcinoma cell line
SKBr3 is incubated with geldanamycin, a 23-kDa carboxyl-
terminal fragment of ErbB-2 is produced (29). This fragment is
rapidly degraded by proteosome activity unless a proteosome
inhibitor is added. The data in Fig. 1 show that a similar
28-kDa fragment accumulates when transfected Cos7 tran-
siently expressing human ErbB-2 are treated with geldanamy-
cin and ALLN, a proteosome inhibitor.

To isolate this 23-kDa ErbB-2 fragment for sequence analy-
sis, we employed transfected Cos7 cells treated with geldana-
mycin and ALLN for 6 h. ErbB-2 was then immunoprecipitated
from cell lysates with an antibody to the carboxyl terminus of
ErbB-2. The resulting immunoprecipitate was subjected to
SDS-PAGE, the separated proteins were transferred to a poly-

vinylidene difluoride membrane, and the membrane was

stained with Coomassie. The stained protein band at 23 kDa
representing the carboxyl-terminal ErbB-2 fragment was
clearly visible. The 23-kDa peptide was eluted from the mem-
brane and subjected to automated Edman amino-terminal mi-
crosequencing, which yielded a sequence of GYVAPLT through
the first seven cycles. There was no evidence of heterogeneity in
this sequence, which if present might indicate proteolytic proc-
essing of the amino terminus of the fragment. The recovered
sequence corresponds exactly to residues 1126-1132 in the
deduced ¢cDNA sequence of human ErbB-2 (32).

Caspase Cleavage of ErbB-2—Although it is possible that
post-cleavage amino-terminal processing has taken place te
yield the isolated 23-kDa fragment, we considered whether
sequence information would predict a known proteolytic cleav-
age consensus site between residues 1125 and 1126 in ErbB-2.
This analysis did show that there is a significant similarity
between the ErbB-2 sequence immediately upstream from Gly-
1126, which is PSETD, and caspase consensus cleavage sites
that have been defined using a positional seanning combinato-
rial substrate library (33-35) and analysis of known caspase
cleavage sites in proteins (36, 37). These caspase cleavage
sequences are characterized by an essential Asp residue at the
P1 position and frequently a Glu residue at the P3 position
which correspond, respectively, to Asp-1125 and Glu-1123 in
the ErbB-2 sequence.

To test the possibility that this putative caspase cleavage
sequence in ErbB-2 was necessary to generate the 23-kDa
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wild-type  Aspl125Glu  Aspl125Ala  Glyl126Ala
{ 11 TI T T i
ALIN - — 4+ - — ¢+ = ~— 4+ - — 4
GA - + + - + + — + +

W.B.: anti-ErbB2(CT)

Fic. 2. Influence of mutagenesis on formation of the 23-kDa
ErbB-2 fragment. Constructs encoding ErbB-2 wild type and mutants
D1125A, D1125E, and G1126A were prepared as described under “Ex-
perimental Procedures” and expressed in Cos7 cells. Subsequently, the
cells were preincubated for 1 h with ALLN (250 uM) before incubation
with geldanamycin (GA, 3 uM) for an additional 6 h. The cells were then
lysed, and an aliquot (25 ug) of each lysate was electrophoresed on a
12% SDS-PAGE. Immunoreactive bands were detected by Western
blotting (W.B.) with an antibody against the ErbB-2 carboxyl-terminal
domain (CT) and ECL. An arrow indicates the 23-kDa ErbB-2 frag-
ment, whereas an arrowhead indicates the 30-kDa ErbB-2 fragment.

ErbB-2 fragment, site-directed mutagenesis was employed.
The Asp at residue 1125 of ErbB-2 was mutated to either Ala or
Glu, and Gly-1126 was changed to Ala. In regard to the con-
servative D1125E mutation, published structural data show
that the aspartyl carboxylate side chain at the P1 position in a
caspase substrate fits into a highly restrictive “socket” of en-
zyme that does not accommodate the side chain of a glutamate
residue (36). The wild-type and mutant ErbB-2 constructs were
transiently expressed in Cos7 cells and exposed to geldanamy-
cin without or with ALLN. The results in Fig. 2 show that
mutagenesis of Asp-1125 to either Glu or Ala prevented pro-
duction of the 23-kDa fragment from ErbB-2. Interestingly, in
the case of these two mutations a new fragment of 30 kDa was
generated from the carboxyl terminus of ErbB-2, and the de-
pletion of the cellular level of native ErbB-2 by geldanamycin
was not affected. In the case of the G1126A mutation, there was
no effect on geldanamycin-induced ErbB-2 degradation or for-
mation of the 23-kDa fragment. That mutagenesis of Gly-1126
did not abrogate production of the 23-kDa fragment is not
surprising in view of the fact that caspase cleavage sites, al-
though preferring Gly at the P’1 position, exhibit considerable
flexibility at this position (35).

To test the possibility that caspase activity is required for
production of this 23-kDa fragment from ErbB-2, the pan-
caspase inhibitor Z-VAD-FMK (38, 39) was tested. As can be
seen in the data presented in Fig. 3, Z-VAD-FMK completely
prevented the formation of the 23-kDa ErbB-2 fragment in-
duced by geldanamycin. In the D1125E ErbB-2 mutant
geldanamycin induces a 30-kDa fragment instead of the 23-
kDa fragment. To determine whether the formation of this
30-kDa fragment might also be caspase-dependent, we incu-
bated cells expressing the D1125E mutant with geldanamycin
in the presence and absence of Z-VAD-FMK. The data shown in
Fig. 4 indicate that the amount of the 30-kDa fragment is
significantly reduced when these cells are exposed to geldana-
mycin in the presence of the caspase inhibitor.

ErbB-2 Degradation by Staurosporin—Geldanamycin in-
duces ErbB-2 degradation, in part through a caspase-depend-
ent mechanism, and geldanamycin is known to induce apopto-
sis in some cell lines (40). Therefore, we tested whether other
reported inducers of apoptosis, particularly in mammary car-
cinoma cell lines, also provoke ErbB-2 degradation. Two known
stimulators of apoptosis, which are also known protein kinase
inhibitors, did induce ErbB-2 degradation in a manner similar
to geldanamycin.
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Z-VAD-FMK - —
ALLN - =
GA - +

200kD — (il o O
120kD — -
80KD —— 7

R S

W.B.:anti-ErbB2 (CT)

Fic. 3. Influence of caspase inhibitor on formation of the 23-
kDa ErbB-2 fragment. SKBr3 cells were preincubated for 1 h with
ALLN (250 um) and Z-VAD-FMK (50 um). The cells were then treated
with (+) or without (—) geldanamycin (GA, 8 um) for 6 h. Cell lysates
were prepared and analyzed using 12% SDS-PAGE and Western blot-
ting (W.B.) with antibodies against the carboxyl-terminal domain (CT).
Bound antibody was visualized by ECL. An arrow denotes the 23-kDa
ErbB-2 fragment.

Z-VAD-FMK — — — &+
ALLN - - + +
GA — 4+ + +
200KD ——pa— - -
120kD — o o
80KD ——
52kD ——
36kD —
30KD —— i S “ -
21KD — "
W.B.:anti-ErbB2 (CT)

FiG. 4. Influence of caspase inhibitor on formation of the 30-
kDa ErbB-2 fragment. The ErbB-2 mutant D1125A was expressed in
Cos7 cells. The cells were then preincubated with ALLN (250 um) for 1h
and with geldanamycin (GA, 3 um) for an additional 6 h. Cell lysates (40
ug) were prepared and analyzed by SDS-PAGE and Western blotting
(W.B.) with antibody against carboxyl-terminal domain (CT) of ErbB-2.
Bound antibody was detected by ECL. An arrowhead indicates the
30-kDa band.

The results with staurosporin are shown in Fig. 5. The data
in the upper panel of Fig. 5A show that staurosporin decreases
the level of native ErbB-2 with about the same time course as
that previously reported for geldanamycin (17), whereas the
results in the upper panel of Fig. 5B show that maximal deg-
radation of ErbB-2 was achieved with a staurosporin concen-
tration of ~2 uM. Significantly, the ErbB-2 degradation elicited
by staurosporin is accompanied by the production of a 23-kDa
carboxyl-terminal ErbB-2 fragment, shown in the lower panels
of Figs. 5, A and B, similar to that recorded for degradation
induced by geldanamycin. The data in Fig. 6 demonstrate that
formation of this 23-kDa fragment from ErbB-2 in the presence
of staurosporin is prevented by the pan-caspase inhibitor Z-
VAD-FMK. Comparison of geldanamycin and staurosporin-in-
duced ErbB-2 degradation in the same cell line (SKBr3) can be
made by comparing the data in Figs. 8 and 6, respectively. The
results show that in the absence of ALLN, the 23-kDa fragment
produced by staurosporin accumulates to a significantly
greater level than the same fragment generated in geldanamy-
cin-treated cells. Also, the presence of ALLN significantly in-
creases the level of this fragment in geldanamycin-treated cells
but actually decreases the fragment level in staurosporin-
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Fic. 5. Staurosporin-induced degradation of ErbB-2. SKBr3
cells were incubated with 5 uM stauresporin for the indicated times
(panel A) or with the indicated concentrations of staurosporin for 6 b
(panel B). Cell lysates were prepared, and aliquots (40 ug) were ana-
lyzed on 7.5% (upper panels) or 12% {lower panels) SDS-PAGE. Western
blotting (W.B.) was then performed to detect the native ErbB-2 mole-
cule using an antibody to the ErbB-2 ectodomain (ED) in the upper
panels or the 23-kDa ErbB-2 fragment using an antibody to the ErbB-2
carboxyl-terminal domain (CT) in the lower panels. Bound antibody was
detected by ECL.
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Fic. 6. Capacity of caspase inhibitor to block the 23-kDa
ErbB-2 fragment formation induced by staurosporin. SKBr3 cells
were preincubated with ALLN (250 pm) and Z-VAD-FMK (50 pm) for
1 h. The cells were then incubated with staurosporin (6 pM) for an
additional 6 h. Cell lysates were prepared, and an aliquot (40 pg) of
each was analyzed by SDS-PAGE and Western blotting (W.B.) with
antibody against ErbB-2 carboxyl-terminal domain (CT). Bound anti-
body was detected by ECL.

treated cells. These results suggest significant, but unknown,
distinctions in the mechanisms of action of geldanamycin and
staurosporin.

Curcumin is another protein kinase inhibitor that has been
reported to induce apoptosis in numerous cell lines and also to
deplete cellular level of ErbB-2 (41-44). The data in Fig. 7 show
that curcumin depletion of cellular ErbB-2 involves production
of a 23-kDa ErbB-2 carboxyl-terminal fragment, which is sta-
bilized in the presence of proteasome inhibitor I. Furthermore,
the formation of this fragment in cells treated with curcumin is
blocked in the presence of Z-VAD-FMK.

However, not all inducers of apoptosis provoked ErbB-2 deg-
radation in SKBr3 cells. Etoposide (100 um), actinomycin D (5
pg/mi), hydroxyurea (5 uM), camptothecin (100 um), paclitaxel
(1 pm) with or without the MEK (mitogen-activated protein
kinase/extracellular signal-regulated kinase kinase) inhibitor
PDY8059 (50 um) (45) and the potent kinase inhibitor H7 (100
un) did not decrease ErbB-2 levels in SKBr3. In many cases,
these compounds did induce dramatic morphological changes
in the cells.

Both staurosporin and geldanamycin induce the degradation

were preincubated as indicated with 75 uM proteasome inhibitor I (PSI)
and Z-VAD-FMK (50 pum) for 1 h before the addition of curcumin (40 un}
for an additional 6 h. Cell lysates were prepared, and aliquots (40 pg)
were subjected to the SDS-PAGE and Western blotting (W.B.) using
antibody against the carboxyl-terminal domain (C7). Bound antibody
was detected by ECL.

Z-VAD-FMK - — +
staurosporin — <+ +
Z200KD g = o
120KD—

‘W.B.:anti-ErbB2 (ED)

Z-VADFMK - — +
GA — + +
120KD —
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Fic. 8. Caspase inhibitor prevents staurosporin- but not
geldanamycin-induced degradation of ErbB-2. SKBr3 cells were
preincubated with Z-VAD-FMK (50 um) for 1 h before the addition of
staurosporin (5 uM) or geldanamycin (GA, 3 um) for an additional 6 h.
The cells were then lysed, and an aliquot (25 pg) of each lysate was
electrophoresed and analyzed by Western blotting (W.B.) using anti-
body against ErbB-2 extracellular domain (ED). Bound antibedy was
detected by ECL.

of ErbB-2 with formation of a 23-kDa fragment that is depend-
ent on caspase activity. We have asked whether the inhibition
of caspase activity interferes with the drug-induced degrada-
tion of the native 185-kDa ErbB-2 molecule. The data in Fig. 8
show that Z-VAD-FMK does not block geldanamycin-induced
ErbB-2 degradation, but the inhibitor significantly attenuates
degradation induced by staurosporin. Like geldanamycin-in-
duced ErbB-2 degradation, curcumin-mediated degradation of
this transmembrane protein was not prevented by Z-VAD-
FMK (data not shown).

DISCUSSION

The induction of ErbB-2 degradation by geldanamycin is
associated with proteolytic fragmentation of the receptor (29).
This includes the formation of a 23-kDa fragment that is rec-
ognized by antibodies as an epitope, within residues 1242-
1255, in the carboxyl-terminal domain of the ErbB-2. Sequenc-
ing of this fragment shows that its amino terminus corresponds
to Gly-1126 in the human ErbB-2 sequence. If the 23-kDa
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fragment includes all residues from Gly-1126 to the ErbB-2
carboxyl terminus Val-1255, then it has a calculated molecular
mass of 16,091. Hence its apparent M, value on SDS-PAGE is
an overestimation of the actual mass due to anomalous migra-
tion in the gel. This fragment would contain most of the known
ErbB-2 autophosphorylation sites that provide its coupling to
signal transduction proteins (46, 47) as well as the carboxyl-
terminal PDZ domain recognition motif that is involved in
targeting ErbB-2 to the basolateral surface of polarized cells
(48).

It is possible that cleavage of ErbB-2 occurs between resi-
dues 1125 and 1126 to generate the 23-kDa fragment or that
the primary cleavage event occurs upstream of these residues,
and post-cleavage processing occurs at the amino terminus to
produce the observed fragment. Several facts suggest that the
former is more plausible. First, we did not detect heterogeneity
in the amino-terminal amino acids recovered in microsequenc-
ing of this fragment. Second, the residues immediately up-
stream of Gly-1126 constitute a site favorable for caspase-de-
pendent cleavage. This includes the essential Asp at residue
1125. Analysis of caspase cleavage sites shows that cleavage
invariably occurs immediately after an Asp residue at the P1
position and frequently includes a Glu residue at the P3 posi-
tion (34, 35), which in this instance corresponds to Glu-1123 in
the ErbB-2 sequence. Our data show that mutagenesis of the
essential Asp at position P1 (residue 1125) prevents geldana-
mycin-induced formation of the 23-kDa fragment. This in-
cludes the conservative D1125E mutation, which on the basis
of the structure of caspase active sites with model substrates, is
predicted to inhibit peptide bond hydrolysis by these proteases
(36). Last, the pan-caspase inhibitor Z-VAD-FMK blocks
geldanamycin-induced formation of the 23-kDa peptide. Hence,
we conclude that this fragment is formed by cleavage between
residues 1125 and 1126 in ErbB-2.

It is interesting that when Asp-1125 is mutated in ErbB-2,
geldanamycin treatment of cells gives rise to a new carboxyl-
terminal fragment of 30 kDa instead of the 23-kDa fragment.
Formation of this fragment in the ErbB-2 mutant is partially
sensitive to the caspase inhibitor. There are consensus caspase
cleavage sites upstream of Asp-1125 that could generate the
30-kDa fragment. These include Asp-1087 and Asp-1016 and
Asp-1019, which constitute a nested cleavage site. Cleavage at
Asp-1087 would directly produce a carboxyl-terminal ErbB-2
fragment of about 30 kDa, whereas cleavage at Asp-1016 or
Asp-1019 would generate a theoretical 40-kDa fragment, which
would require additional processing to produce the observed
30-kDa fragment.

It is important to note that when the caspase-dependent cleav-
ages at the carboxyl terminus are prevented by the addition of
Z-VAD-FMK to geldanamycin-treated cells, the cellular content
of the native ErbB-2 molecule is still decreased. This implies that
cleavage at the ErbB-2 carboxyl terminus is not necessary to
initiate the geldanamycin-dependent reduction in the ErbB-2
levels. However, Z-VAD-FMK does prevent staurosporin-
dependent degradation of the native ErbB-2 molecule, suggest-
ing that caspase activity is more significant in the degradation
of ErbB-2 by staurosporin than by geldanamyecin.

The current proposed mechanism for geldanamycin-induced
ErbB-2 degradation involves the drug-dependent dissociation
of Hsp90 from the kinase domain of ErbB-2 (27, 28, 30). Since
geldanamycin is known to induce apoptosis and some but not
all cell types (40, 49, 53) and, as mentioned above, caspase
activity seems involved in ErbB-2 degradation induced by this
drug, we tested other known inducers of apoptosis for their
capacity to provoke ErbB-2 degradation and formation of the
23-kDa fragment. Of the various inducers of apoptosis tested,
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two compounds (staurosporin and curcumin) were found to
promote formation of a 23-kDa fragment. Others report that
curcumin inhibits the tyrosine kinase activity of ErbB-2 and
depletes the cellular content of native ErbB-2 (41). Curcumin
also induces an apoptotic response in mammary carcinoma
cells (50). Curcumin has been reported to dissociate the endo-
plasmic reticulum heat shock protein GRP94 from ErbB-2 (41).
However, it is not known whether curcumin actually binds to
GRP94, and its effect on Hsp90 has not been reported.

Less is known regarding the effects of staurosporin on
ErbB-2. Staurosporin, a broad spectrum protein kinase inhib-
itor, has not been reported to interact with heat shock proteins
and is well described as an inducer of apoptosis (51, 52). Stau-
rosporin, like geldanamycin and curcumin, is a weak inhibitor
of receptor tyrosine kinases (51) but has not been previously
shown to alter the cellular level of ErbB-2. The similarities in
ErbB-2 metabolism between cells treated with geldanamycin or
staurosporin suggest that the observed degradation of ErbB-2
by these compounds does not necessarily have to proceed
through dissociation of heat shock proteins from ErbB-2. It
may be that inhibition of kinase activities along with promotion
of caspase activities is sufficient for ErbB-2 degradation. The
identity of the target kinases, however, is unclear. It has been
reported that the metabolic stability of a kinase-negative
ErbB-2 mutant is decreased by geldanamyecin (80), which sug-
gests that perhaps non-tyrosine kinases are the target of these
drugs.
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ABSTRACT

The ansamycin antibiotic geldanamycin (GA) induces the intracellular
degradation of ErbB-2/neu. Degradation of ErbB-2 proceeds through
cleavage(s) within the kinase domain, resulting in the formation of a 135
kDa ectodomain fragment and a fragment(s) of ~50 kDa containing the
COOH-terminal region. On the basis of independent means of identifica-
tion, two adjacent sequence motifs have been identified in ErbB-2 that are
required for GA-induced degradation. These motifs encompass residues
776-783 and 784-786 within the NH,-terminal Iobe of the ErbB-2 kinase
domain. This is also a region in which the epidermal growth factor
receptor and ErbB-2 kinase domains differ significantly in sequence.
Although mutations in this region abrogate GA-induced ErbB-2 degra-
dation, the tyrosine kinase activity of ErbB-2 is not disrupted. Interest-
ingly, these ErbB-2 mutants are specifically resistant to GA-induced
degradation but retain sensitivity to other drugs, such as staurospore and
curcumin, which are also able to provoke ErbB-2 degradation.

INTRODUCTION

ErbB-2, a member of the EGF> receptor family that includes four
Type I receptor tyrosine kinases, is an orphan receptor that functions
as a coreceptor through the formation of ligand-dependent het-
erodimers with other ErbB family members (1-3). Seven structurally
related ligands (EGF, transforming growth factor-«, heparin-binding
EGF, amphiregulin, betacellulin, epiregulin, and epigean) are recog-
nized by the EGFR (ErbB-1), whereas the heregulins bind directly to
the ErbB-3 and ErbB-4 receptors (2). In the case of ErbB-3, dimer-
ization with ErbB-2 is essential because ErbB-3 does not have tyro-
sine kinase activity in its absence (4). Heterodimerization and signal-
ing through ErbB-2 enhance the strong proliferative effect of all these
growth factors (5-7).

Overexpression of ErbB-2 has been demonstrated in human breast,
ovarian, prostate, and lung cancers. HER2 gene amplification is
usually, but not always, responsible for a 10—-100% increase in the
ErbB-2 protein content of tumor cells, which results in constitutive
activation of signaling pathways leading to uncontrolled proliferation,
increased cell motility, invasiveness, and tumorigenesis (8, 9). ErbB-2
overexpression correlates with an aggressive disease form, particu-
larly in the case of breast cancer, and a poor prognosis, making it a
significant target for therapeutic intervention (10).

Monoclonal antibodies against the ErbB-2 ectodomain have been
shown to be effective against tumors that overexpress ErbB-2 and are
in use clinically (11-13). However, their mechanism of action is
poorly understood but appears to involve the accelerated internaliza-
tion and degradation of ErbB-2 (11). Another potential therapeutic
approach is to use specific tyrosine kinase inhibitors that block
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ErbB-2 kinase activity and at the same time increase the rate of
ErbB-2 degradation (14-16). ErbB-2 degradation is significantly in-
creased in the presence of some nonselective tyrosine kinase inhibi-
tors, such as GA or curcumin (17).

GA was first described as an inhibitor of tyrosine kinase activity. It
belongs to the group of benzoquinoid ansamycin antibiotics and is
closely related in structure to herbimycin A and macbecin (18).
Ansamycin antibiotics were shown to have selective cytotoxicity
against several malignant tumor cell lines, revert to normal the mor-
phology of transformed fibroblasts, and reduce tumorigenicity in
murine models. In cell lines, GA increases the rate of degradation of
several protein kinases, including ErbB-2, Src family members, Raf-1,
focal adhesion kinase, Met, and Ber-Abl (19-24). Although the mo-
lecular mechanism of GA action is not clear, it is thought to bind to
Hsp90 and inhibit the binding of this chaperone to protein kinases and
thereby provoke the metabolic destabilization and degradation of
Hsp90 targets (25, 26).

Previous studies have demonstrated that the ErbB-2 kinase domain
is necessary for GA-induced degradation of this receptor (25, 27). It
has been proposed that Hsp90 stabilizes ErbB-2 through interaction
with its kinase domain, and this interaction is perturbed in the pres-
ence of GA. In this study, evidence is presented that the ErbB-2 kinase
domain contains a cryptic motif that facilitates GA-induced receptor
degradation.

MATERIALS AND METHODS

Materials. GA, curcumin, staurosporine, and ECL reagents were pur-
chased from Sigma Chemical Co. (St. Louis, MO). ALLN and folimycin were
from Calbiochem. Monoclonal antibody against ErbB-2 extracellular domain
(Ab5) was from Transduction Laboratories, monoclonal antibody against
ErbB-2 cytoplasmic domain (Ab3) was from Oncogene Science, monoclonal
antibody against GFP was from Clontech, and polyhistidine antibody was from
Santa Cruz Biotechnology (Santa Cruz, CA). The pcDNA3.1+ vector was
obtained from Invitrogen. Goat antimouse antibody cross-linked with horse-
radish peroxidase was from Zymed, whereas LipofectAMINE was purchased
from Life Technologies, Inc.

Cell Culture and Transfection. Human mammary SKBr3 cells were
grown in 5% CO, at 37°C in McCoy medium with 10% FCS. Cos7 cells were
grown in DMEM with 10% FCS. SKBr3 cells were grown to ~90% conflu-
ency and treated with the indicated drugs. For transient transfection experi-
ments, Cos7 cells were grown to ~80% confluency and transfected with
LipofectAMINE according to manufacturer’s recommendations. The cells
were then grown for 48 h before assays were conducted.

Construction of ErbB-2 Mutants. ErbB-2 mutants truncated at residues
718, 786, 788, 802, 808, 813, 823, and 990 were prepared by PCR. We used
the pcDNA3.1 vector containing full-length ErbB-2. The ¢cDNA contains a
Xhol restriction site after the stop codon and a Sacll restriction site in the
transmembrane domain, which was introduced by silent mutagenesis (codon
TCT corresponding to residue 656 was replaced with TCC, and natural Sacll
site downstream in the cytoplasmic region was removed also using silent
mutagenesis). The cytoplasmic domain of ErbB-2 was excised using Sacll and
Xhol restriction sites. Next, cytoplasmic domain segments of ErbB-2 mutants
were prepared by PCR and ligated into a vector that contained ErbB-2
ectodomain through Sacll and Xhol restriction sites. Segments corresponding
to the cytoplasmic domain of particular truncated mutants were amplified by
PCR with 5" primer 1 TGC ACC CAC TCC TGT GTG GAC CTG and 3’
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Fig. 1. Drug-dependent metabolic degradation of ErbB-2. SKBr3 cells were incubated
with 3 a1 GA, 5 pm staurosporine, or 40 M curcumin for 6 h. The cells were then lysed,
and equal aliquots were subjected to SDS-PAGE and Western blotting with antibody
against the ErbB-2 COOH terminus {residues 1246-1255). Bound antibody was detected
with ECL.

primers corresponding to the last seven residues of ErbB-2 before each
truncation and containing Xhol restriction site after the stop codon.

Parts of the ErbB-2 or EGFR kinase domains fused to GFP were generated
by PCR using the following primers: ErbB-2, 5'primer GGG ATC CTC ATC
AAG CGA GCT CAG CAG AAG ATC, 3" primers CAC GTA TGC TTC GTC
TAG AAT TTC TTT, CCG CAC ATC CTC TAG ATA GCT CAT; EGFR 5/
primers GCC AAC AAG GAA ATT CTA GAT GAA GCC, AAG GGC ATG
AAC TAT CTA GAG GAC CGT, %' primer GTA GAA GTT GGA CTC GAG
AGG ACT TGG. PCR products were ligated through Xbal sites, reamplified
using ErbB-2 5' primer and EGFR 3’ primer, and inserted into pEGFP-C1
vector through Sacl and X#ol restriction sites.

Site-directed mutagenesis of ErbB-2 residues 813—-817 NRGRL to HKDNI
(mutant 3), 785-788 LLGI to AAGA (mutant 4), and GVGSPYVS to SVD-
NPHVC (mutant 5) was done using the PCR megaprimer approach. In the first
round of PCR, we used 5'primer 1 (above) and 3'primers ACA CCA GTT
CAG CAG GTC CTG GGA GCC AAT GTT GTC TTT GTG TTC CCG
GAC ATG GTC TAA GAG GCA GCC (mutant 3), TGT CAG GCA GGC
GCC CGC AGC GCG GGA GAC (mutant 4), or CAG AAG GCG GCA CAC
GTG TGG GTT GTC CAC ACT AGC CAT CAC (mutant 5). In the second
round of PCR, we used the first-round product of PCR as megaprimer and
primer ACT ACG TCC AGT CTC GAG TCA CAC TGG CAC GTC CAG
ACC. PCR products from the second round were ligated through Sacll and
Xhol sites into pcDNA3.1 containing the ErbB-2 without cytoplasmic domain,
excised by Sacll and Xhol.

Immunoblotting. At the end of each experiment, the cells were solubilized
by scraping into cold lysis buffer [10 mM Tris-HCI (pH 7.5), 150 mm NaCl, 1%
NP40, I mM phenylmethylsulfony! fluoride, 10 pg/ml aprotinin, 10 pg/ml
leupeptin, and 1 mm Na3VO4]. The lysates were then clarified by centrifuga-
tion (14,000 X g for 10 min), and aliquots containing equal amounts of protein
were subjected to SDS-PAGE. Subsequently, proteins were transferred to
nitrocellulose membranes, and the membrane was blocked by incubation with
5% BSA in PBS for 1 h at room temperature. The membrane was then
incubated for 1 h with the indicated antibody in TBSTw buffer [50 mm
Tris-HCI (pH 7.4}, 150 mm NaCl, 0.05% Tween 20, 0.2% nonfat milk],
washed three times in the same buffer, and incubated for 1 h with horseradish
peroxidase-conjugated antimouse antibody. The membranes were then washed
five times with TBSTw buffer and visualized by ECL.

Kinase Assay. Constructs of wild-type ErbB-2, the M4 or M5 mutants,
were transiently transfected into Cos7 cells. After 48 h, cell lysates were
prepared, and antibody against the ErbB-2 ectodomain was used to immuno-
precipitate ErbB-2 or the mutants. Recombinant GST/PLC-y1 SH2-SH2-SH3
fusion protein was used as a substrate in the in virro kinase assay. Equal
volumes of agarose beads containing equivalent amounts of protein, as con-
firmed by Western blotting, were incubated for 2 h with 20 g of substrate in
a kinase assay buffer (20 my HEPES, 100 uM sodium orthovanadate, 1 mm
DTT, 10 mm MgCI2, 10 mm MnCi2, and 20 um ATP). Next, the PLC-y1-

derived substrate was precipitated with GST antibody and blotted with anti-

bodies against phosphotyrosine or GST.
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RESULTS

Drug-induced Cleavage within the ErbB-2 Kinase Domain.
Several tyrosine kinase inhibitors, such as GA, curcumin, and stau-
rosporine, induce ErbB-2 metabolic degradation and quickly deplete
this receptor from cells (18, 28, 29). Previously, we reported that in
the presence of GA, ErbB-2 is cleaved within its cytoplasmic domain
(27). Cleavage in the ErbB-2 COOH-terminal domain by caspase
activity is observed after 2-4 h incubation with drugs (29). In con-
trast, the data in Fig. 1 show that cleavage(s) within the ErbB-2 kinase
domain is observed as early as 15-30 min after the addition of GA,
curcumin, or staurosporine. In this experiment, an antibody against the
ErbB-2 COOH-terminal residues 1246-1255 detected three to four
fragments, of 42-51 kDa, induced by incubation of SKBr3 cells with
each of these drugs. The relative molecular mass of these fragments
combined with the location of the antibody epitope indicates that
cleavage(s) occur close to or within the kinase domain. All three drugs
induce formation of the 42, 48, and 51 kDa fragments, although the
time course for the appearance of each fragment and the relative
amount of each fragment are different. Previously, we have demon-
strated that when ectodomain antibodies are used to detect GA-
induced ErbB-2 fragments, a fragment of 135 kDa is detected, which
includes the ecto- and transmembrane domains plus part of the cyto-
plasmic domain (27). Therefore, the combination of this fragment and
the COOH-terminal fragments detected in Fig. 1 are sufficient to
represent the result of a GA-induced cleavage of ErbB-2 within its
kinase domain.

In previous studies, we et al (18, 25, 27) established that the
ErbB-2 kinase domain is necessary for GA-induced degradation of the
receptor. The kinase domain is also sufficient for GA-induced degra-
dation, e.g., when a soluble fusion protein containing GFP and the
ErbB-2 kinase domain is exposed to GA, the fusion protein is rapidly
degraded (27). To extend this observation to the transmembrane
ErbB-2 molecule, wild-type or ErbB-2 cytoplasmic domain truncation
mutants were expressed in Cos7 cells. The cells were then incubated
with GA or GA and ALLN, a protease inhibitor, which blocks
GA-induced ErbB-2 degradation. The results in Fig. 2 show that an
ErbB-2 mutant, truncated at residue 718 (containing the extracellular
and transmembrane domains plus 42 residues of the cytoplasmic
domain but not the kinase or COOH-terminal domains), has a high
level of expression in Cos7 cells and is metabolically stable in the
presence of GA. In contrast, a mutant truncated at the end of the
kinase domain (i.e., residue 990) and lacking only the COOH-terminal
domain is unstable in Cos7 cells because of rapid basal degradation.
Degradation of this mutant, however, can be enhanced by the presence
of GA. In contrast to the behavior of these mutants, wild-type ErbB-2
expressed in Cos7 cells is constitutively stable, but its level is signif-
icantly decreased in the presence of GA.

These data indicate that the removal of the ErbB-2 COOH-terminal

ErbB-2 A990 A718
AN ' — — 4l g T o e o ]
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Fig. 2. Influence of truncation nmtations on GA-induced ErbB-2 degradation. Con-
structs encoding ErbB-2 or ErbB-2 mutants truncated at residues 718 or 990 were
expressed in Cos7 cells. At 48 h after transfection, the cells were treated with GA (3 pa)
for 6 h, and cell lysates were prepared. Equal aliguots of each lysate were electrophoresed
and %!atfeé with antibody to ErbB-2 extracellular domain.
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Fig. 3. Sensitivity of ErbB-2/EGFR kinase domain chimeric fusion proteins to GA-induced
degradation. A, constructs used in experiment: GFP~ErbB-2 kinase domain (residues 679—
999); mutant M 1: GFP fused to chimeric kinase domain, which includes the NH,-terminal part
of ErbB-2 kinase domain (residues 679-837) and the COOH-terminal part of the EGFR
kinase domain (residues 806-968); mutant M2: GFP fused to chimeric kinase domain, which
includes the NH,-terminal part of ErbB-2 kinase domain (residues 679-767) and COOH-
terminal part of EGFR kinase domain (residues 806-968); GFP~EGFR kinase domain
(651-968). Each construct also includes several residues beyond the kinase domain. In B, GFP
fusion proteins were expressed in Cos7 cells. At 48 h after transfection, the cells were
incubated with GA (3 um) for 6 h. Equal aliquots of cell lysates were subjected to SDS-PAGE
and Western blotting with antibody against GFP.

domain (residues 990-1255) destabilizes the molecule and decreases
its basal level of expression. Further truncation to include the kinase
and COOH-terminal domains (residues 718-1255) restores the basal
metabolic stability of the truncated molecule but eliminates sensitivity
to GA, suggesting that GA-induced degradation of ErbB-2 requires
sequence information between residues 778 and 990.

The results in Fig. 2 are consistent with an experimental system we
described previously in which the ErbB-2 kinase domain was fused to
GFP. Expression of this construct was stable in Cos7 cells, but the
addition of GA leads to its rapid degradation (27). In addition, we et
al. (25, 27) have reported that the EGFR is considerably more stable
than ErbB-2 in the presence of GA. Therefore, we made GFP fusion
proteins containing the ErbB-2 kinase domain, the EGFR kinase
domain, or chimeric kinase domains (termed mutants M1 and M2)
containing NH,-terminal portions of the ErbB-2 kinase domain fused
to COOH-terminal portions of the EGFR kinase domain (Fig. 3A).
These constructs were expressed in Cos7 cells and tested for their
sensitivity to GA. The results show clearly that the ErbB-2 kinase is
much more sensitive to GA than the EGFR kinase domain (Fig. 3B).
These data also show that the kinase domain chimeric construct M1 is
sensitive to GA, whereas the M2 chimera is resistant to GA. In the M1
mutant, residues 715-837 of the ErbB-2 kinase domain are followed
by residues 806958 of the EGFR kinase domain. In the M2 mutant,
residues 715-767 of the ErbB-2 kinase domain are followed by
residues 736-958 of the EGFR kinase domain. Both mutants contain
a complete tyrosine kinase domain. These results indicate, therefore,
that a motif located between residues 767 and 837 of the ErbB-2
kinase domain confers sensitivity to GA and is consistent with the
data shown in Fig. 2 with ErbB-2 kinase domain truncation mutants.

Kinase Domain Motifs Required for GA Sensitivity. The pre-
ceding data suggest that determinants of GA-sensitive degradation are
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located within residues 767—837 of the ErbB-2 kinase domain. Within
this region, ErbB-2 and the EGFR are highly homologous with the
exception of two multiresidue motifs. When residues 776783 of
ErbB-2 are compared with the corresponding residues of the EGFR,
the sequences differ at five of eight residues. In addition, residues
813-817 of ErbB-2 differ from the corresponding residues of the
EGFR at five of five positions. Therefore, we used mutagenesis to
change the sequence of ErbB-2 to that of the EGFR at each of these
two locations.

When the sequence in ErbB-2 between residues 813 and 817
(NRGRL) was changed to that of the EGFR (HKDNI) and the mutant
protein (termed M3) was expressed, it remained as sensitive to GA as
the wild-type ErbB2 (Fig. 4). However, alteration of the ErbB-2
sequence between residues 776 and 783 (GVGSPYVS) to that present
in the corresponding position of the EGFR (SVDNPHVC) had a
significant influence on GA-induced ErbB-2 degradation. As shown
in Fig. 4, this mutation (termed M4) prevented GA-induced degrada-
tion of ErbB-2.

The data in Fig. 2 not only indicate that sensitivity to GA in ErbB-2
is mediated by sequence information between residues 718 and 990 of
the kinase domain but also show that the basal metabolic stability (i.e.,
in the absence of GA) influences the same sequence information.
Therefore, we constructed a series of ErbB-2 truncation mutants that
encompass this region. Beginning at residue 718, successive muta-
tions were made through residue 823 as depicted in Fig. 5. The basal

ErbB-2 M3 M4 M5
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Fig. 4. Influence of mutations in the ErbB-2 kinase domain on GA-induced degrada-
tion. Wild-type ErbB-2 and ErbB-2 mutants 3-5 were each expressed in Cos7 cells.
Approximately 48 h later, the cells were preincubated for 1 h with ALLN (250 pm) before
the addition of GA (3 um) for 6 h., as indicated. Equal aliquots of cell lysates were
subjected to SDS-PAGE. Western blotting was performed with antibody against the
ErbB-2 extracellular domain.
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Fig. 5. Influence of kinase domain truncation mutations on ErbB-2 metabolic stability.
Constructs encoding ErbB-2 mutants truncated at the indicated residues were expressed in
Cos7 cells. Approximately 48 h after transfection, the cells were incubated with or without
ALLN (250 um) for 6 h. Equal aliquots of cell lysates were subjected to SDS-PAGE and
‘Western blotting with antibody against ErbB-2 ectodomain.
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Fig. 6. Tyrosine kinase activity in vitro of ErbB-2 mutants. The ErbB-2 and the M3,
M4, and M3 mutants were separately transiently expressed in Cos7 cells. Wild-type
ErbB-2 or each mutant was precipitated with antibody against the ErbB-2 ectodomain. A
kinase assay was then performed, using GST/PLC-yl SH2-SH2-SH3 domains as a
substrate, as described in “Materials and Methods.” The substrate was precipitated with
GST antibody, electrophoresed, and blotted with phosphotyrosine or GST antibody. The
level of ErbB-2 or mutant proteins present in the assay was detected by Western blotting
with ErbB-2 antibody.

expression of these mutants was then assayed by transient expression
in Cos7 cells. In each case, ALLN was added as indicated to block
basal degradation of ErbB-2 mutants.

The results of this analysis, presented in Fig. 5, show when ErbB-2
is truncated within the kinase domain at residues 718, 780, or 783, the
mutant proteins are expressed at a high level that is not affected by the
presence of ALLN. However, when the truncation occurs at residue
786 or beyond, the mutant proteins are expressed at much lower
levels, and their level of expression can be significantly increased by
the presence of ALLN, suggesting that the low expression is caused
by protein degradation. This result implies that sequence information
between residues 784 and 786 increases the sensitivity of these
ErbB-2 mutants to metabolic degradation.

To assess the significance of this sequence information, alanine
mutagenesis was used to change the native ErbB-2 sequence LLGI to
AAGA within the context of the full-length ErbB-2 molecule (mutant
MS5) and to test the potential role of this sequence in GA-induced
degradation. It should be noted that this sequence is adjacent to the
sequence (residues 776-783) shown previously in Fig. 4 (i.e., mutant
M4) to be necessary for GA-induced degradation of ErbB-2. In
addition, this sequence is identified in the EGFR. The results, shown
in Fig. 4, demonstrate that the M5 mutant is not sensitive to GA-
induced degradation. Therefore, we have identified by somewhat
distinct approaches two adjacent regions in ErbB-2, represented by
mutants M4 and M5, that mediate GA-dependent degradation.

1t might be argued that because each of these two mutations involve
multiple substitutions, they may simply interfere with proper folding
of the ErbB-2 kinase domain and thereby alter the receptor’s sensi-
tivity to GA. To assess this possibility, we have tested the tyrosine
kinase activity of wild-type ErbB-2 and the M4 or M5 mutants using
an in vitro kinase assay. The substrate in this kinase assay was a GST
fusion protein that contains the tyrosine phosphorylation region of
PLC-yl (Ref. 30).* The data in Fig. 6 show that both mutants
phosphorylate this substrate and that the M4 mutant actually phos-
phorylates this substrate significantly more than wild-type ErbB-2.
This assay shows that the kinase activity of these mutants is not
grossly altered by these mutations. Hence, the folding of the kinase
domains do not seem to be significantly altered by the M4 or M5
mutations.

As reported previously (27) and shown in Fig. 1, staurosporine and
curcumin also stimulate ErbB-2 degradation in a manner that resem-
bles that of GA in some aspects. Therefore, we tested whether the M4
and M5 mutants are resistant to degradation induced by staurosporine
or curcumin as well as GA. The results, shown in Fig. 7, demonstrate

“D. Tvorogov and G. Carpenter, unpublished data.
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that although each of the two ErbB-2 mutants are resistant to GA-
induced degradation, each remains sensitive to staurosporine- or
curcumin-induced degradation.

DISCUSSION

The data in this study indicate that after the addition of GA to cells,
ErbB-2 is fragmented by a cleavage close to or within the tyrosine
kinase domain. This is consistent with data published previously that
have concluded that the kinase domain is necessary (18, 25, 27) and
sufficient (27) for GA-induced degradation of ErbB-2. Cleavage
within the kinase domain gives rise to fragments containing the NH,
and COOH termini of ErbB-2. The NH,-terminal fragment of 135
kDa is likely to include the ecto- and transmembrane domains plus a
small part of the cytoplasmic domain. It is not clear, however, to what
extent kinase domain residues are present in this fragment, because
the sequence of its COOH terminus is not known.

As shown in this manuscript, several ErbB-2 fragments of similar
but distinct molecular masses (42-51 kDa) are detected after the
addition of GA. It is not clear whether each of these fragments is
derived from a separate cleavage event within the ErbB-2 kinase
domain or whether the cleavage of ErbB-2 produces one fragment that
is then subject to the proteolytic processing. If multiple cleavages at
distinct sites within the kinase domain did occur, this would be
expected to result in molecular heterogeneity of both the NH,- and
COOH-terminal fragments. However, the 135 kDa NH,-terminal
fragment does not appear to be heterogeneous. Therefore, it seems
more likely that post-ErbB-2 cleavage proteclytic processing of a
single COOH-terminal fragment occurs to generate the multiple frag-
ments that we have observed.

Using two different approaches, we have identified two adjacent
sequence motifs that are located within the kinase domain of ErbB-2.
‘When mutated, each of these motifs, represented by the mutations M4
and MS, produces a form of ErbB-2 that is not degraded in the
presence of GA. Structural analyses of protein kinases indicate that
each kinase domain is composed of an NH,- and COOH-terminal
lobe. The GA-resistant mutations that we have identified lie within the
NH,-terminal lobe whose major function is to facilitate the binding of
ATP for subsequent catalysis. Sequence homology analysis has di-
vided kinase domains into ~11 distinct subdomains that can be
aligned with structural characteristics, such as B sheets and o helices.
The M4 and M5 mutants encompass 13 residues that begin near the
end of subdomain III and extend through subdomain IV, This places
the M4 residues in a connecting strand between the «C helix and 4
strand, whereas the M5 residues are within the 84 strand. This part of
the NH,-terminal Jobe is not directly involved in kinase catalytic
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Fig. 7. Selectivity of ErbB-2 mutants to drug-induced metabolic degradation. Wild-
type ErbB-2 and the M4 and M5 mutants were separately expressed in Cos7 cells.
Approximately 48 h later, the cells were incubated for 6 h with GA (3 um), staurosporine
(ST 5 pw), or curcumin (CU; 40 um). The cells were lysed, and equal aliquots of protein
were electrophoresed and blotied with antibody against the ErbB-2 extracellular domain.
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function. Hence, it seems understandable that the M4 and M5 muta-
tions do not abrogate kinase activity.

Although the M4 mutation changes a unique sequence in ErbB-2 to
resemble the corresponding sequence in the EGFR, which is not
sensitive to GA, the M5 mutation changes an ErbB-2 sequence that is
preserved in the EGFR. Hence, although the sequence at residues
784-786 of ErbB-2 may be necessary for GA-induced degradation, it
is clear that these residues are not sufficient to mediate sensitivity to
this drug. It seems likely, given their proximity, that the ErbB-2
sequences defined by the M4 and M5 mutations cooperate to facilitate
GA-induced degradation of this molecule.

The mechanism by which GA initiates ErbB-2 degradation has
been proposed to involve the binding of Hsp90 to ErbB-2 (25). Hsp90
also binds GA, and in the presence of GA, Hsp90 association with
ErbB-2 is disrupted. The mutations to GA resistance reported in this
study could represent residues involved in Hsp90 binding to ErbB-2.
If these mutations did abrogate Hsp90 binding, we would expect the
mutants to become more sensitive to degradation in the absence of
associated Hsp90. A second possibility is that the mutations affect
protease recognition of ErbB-2 or alter the kinase domain cleavage
site. The identity of the protease(s) that cleaves ErbB-2 within the
kinase domain in the presence of GA is unknown. However, the
kinase domain M4 and M5 mutations prevent GA-induced cleavage
but do not block cleavage induced by staurosporine or curcumin,
which produces similar sized fragments from ErbB-2. Hence, this
model would require that GA-induced degradation of ErbB-2 involves
protease distinct from those involved in staurosporine- or curcumin-
induced ErbB-2 degradation.

Lastly, it is possible that cleavage of the ErbB-2 molecule produces
fragments that may have biological effects in cells. This has been
reported for other tyrosine kinases, such as RET, that are subject to
cleavage within their cytoplasmic domain by caspases (31). This
possibility is being evaluated.
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ABSTRACT

The receptor tyrosine kinase ErbB-2 plays an important role in cell
proliferation and differentiation as well as oncogenesis. We have found that ErbB-2
kinase domain fragmentation is important for induction of apoptosis. Exogenous

| expression of peptides derived from the ErbB-2 kinase domain induce cells death with
the hallmarks of apoptosis. In contrast, transfection of the ErbB-2 carboxyferminal
domain did not induce apoptosis. We have identified a 38-residue segment from the
ErbB-2 kinase N-terminal lobe that can strongly inducé apoptosié in transfected cells.
Cell death was not blocked by the pan-caspase inhibitor z-VAD-FMK. Similar
fragments derived from several other receptor tyrosiﬁe kinases also induce cell death.

These data imply that proteolytic fragmentation of tyrosine kinases liberate apoptotic

fragments that can accelerate cell death.




ErbB-2 is an orphan receptor that functions through the formation of
heterodimers with all other members of the EGF receptor family. Overexpression of
ErbB-2 has been demonstrated in 25-30% of human breast and other cancers and
correlatés with an aggressive form of the disease and a poor prognosis (Yarden Y.
and Sliwkowski M., 2001). Signaling through ErbB-2 elicits a strong proliferative
response in many cell lines and plays an important role in regulating cell growth and |
differentiation. In addition, the ErbB-2 receptor is necessary for the invasion of
carcinoma cells (Neve R. et al., 2001).

The susceptability of ErtbB-2 to extracellular manipulations and its increased
level of expression in tumors means that it is an attractive target for therapeutic
interventions, which currently include pharmaéological drugs that redﬁce ErbB-2
levels in cancer gells and antibodies against the ErbB-2 extracellular domain, whose
mechanism of action is not clear, but often includes increased degradation of ErbB-2.

Published data suggest that the presence of increased levels of ErbB-2 is
important for tumor cells to exibit sensitivity to ansamycin antibiotics, such as
geldanamycin, or antibodies against ErbB-2, including Herceptin, which is in use in
clinical practice. Either >geldanamycin or Herceptin induce an increased rate of
apoptosis in tumor cells that express enhanced levels of ErbB-2, as demonstrated in
experiments with isogenic tumor cells expressing low or high levels of ErbB-2 (Smith
et al., 2002, Munster et al.,2002, Cuello M. et al, 2001). It has been shdwn that
geldanamycin provokes increased ErbB-2 degradatioﬁ by binding to the chaperone

Hsp90 and inhibiting its association with ErbB-2 (Xu W. et al, 2001). However, the




molecular mechanisms of geldanamycin- or Herceptin-induced apoptosis are poorly
understood. |

Previous studies have shown that the induction of ErbB-2 degradation in
breast cancer cells by drugs, such as geldanamycin, curcumin or staurosporin,
mnvolves the formation of discrete receptor fragments (Tikhomirov and Carpenter,
2003). The addition of these drugs stimulate several cleavage events within the ErbB-
2 cytoplasmic domain. For example, caspase-dependent cleavages are induced within
the ErbB-2 carboxyterminal domain and generate several overlapping fragments of
the ErbB-2 molecule, which can be detected with antibodies against the ErbB-2
carboxyterminal domain (Tikhomirov and Carpenter, 2001, 2003). Also, it has been
demonstrated that treatment of ExbB-2 expressing cells with geldanamycin induces
cleavage within its kinase domain, which generates a 135 kDa fragment (Tikhomirov
and Carpenter, 2000). Transfection of such large ErbB-2 fragments, which contain the
extracellular domain, the transmembrane domain and part of the kinase domain,
results in the rapid degradation of these fragments if they include the RLLGI motif
(residues 783-788) present in the ErbB-2 kinase domain. In contrast, transfected
ErbB-2 fragments created by truncation upstream of this motif, are metabolically
stable (Tikhomirov and Carpenter, 2003).

To determine the biological activity of such ErbB-2 fragments, constructs that
contain the ErbB-2 extracellular domain, transmembrane domain and portions of the
kinase domain truncated at either residues 829 (A829) or 927 (A927), as >depicte.d in
Figure 1A, were generated. Each construct was fused at the C-terminus to GFP. As a

control, ErbB-2 truncated close to its carboxyterminus at residue 1216 (A1216) and

fused to GFP was used.

Figure 1



As reported previously, ErbB-2 fragments truncated within the kinase domain

were metabolically unstable after transfection into Cos7 cells and their expression
levels were much lower than that for ErbB-2 A1216 (Figure 1A, right panel). When
tested for cell growth, almost all transfected cells expressing ErbB-2 A829 or A927
died in 3-4 days (Figure 1B). In contrast, cells expressing ErbB-2 A1216 survived for
at least 14 days and eventually formed cell clusters (Figure 1C, left panel). Expression
of ErbB-2 constructs AB29 or A927 is associated With dramatic morphological and
biochemical changes consistent with apoptosis (Figure 1C, right panel). These
changes include a rounded cell shape with remarkably reduced cytoplasm, shrinkage |
of the nucleus, chromatin condensation, detachment from substrate, and eventually
cell death. Therefore, after 3-4 days following transfection only a few cells
expressing ErbB-2 truncated proteins A829 or A927 could be detected, which is
strikingly different from the control (A1216) celfs. It should be noted that while all
three constructs contain the RLLGI motif, only the A829 and A927 constructs

resemble cleavage that occurs within the ErbB-2 kinase domain downstream of this

motif.

To exclude the possible influence of GFP in these results, Cos7 cells were also
transfected with a construct similar to ExbB-2 A829, which encodes an approximately
135 kDa ErbB-2 fragment containing residues 1-802 (A802) but does not contain
GFP, or wild-type ErbB-2 as a control. The cells were stained with an antibody
against ErbB-2 ectodomain. Transfection of Cos7 cells with the A802 ErbB-2
fragment, but not with a wild-type ErbB-2, resulted in cell death as shown by the data
in Figure 1D.

Lastly, GFP-fused constructs encoding ErbB-2 truncated within the. kinase

domain or GFP alone were transfected into CHO, 3T3, A431, MCF7 and SKBr3 cells.



In each case the ErbB-2 truncation construct, but not GFP, induced cell death (data
not shown). Therefore, these data indicate that ErbB-2 fragments created by a
truncation within the kinase domain produce a cell death response in multiple cell
lines.

To further define the ErbB-2 fragments that induce cell death, Cos7 cells were  Figure 2
transfected with a vector encoding residues 679-802 in the N-terminal lobe of the
ErbB-2 kinase domain fused to GFP (Figure 2A) or GFP aé a control. Transfected and
untransfected cells were separated using flow cytometry. Cell populations expressing
the ErbB-2 peptide 679-802 or GFP alone were plated and grown for 2 days in Titertek |
chambers. The results clearly show that cells transfected with GFP alone spread on the

growing surface and survived for at least seven days (Figure 2B, left panel). In contrast,
all cells transfected with the ErbB-2 residues 679-802 fused to GFP exibit apoptotié
morphologic cﬁanges (Figure 2B, right panel) and die in 2-3 days (Figure 2C). The lével
of expression of this peptide in individual Cos7 cells was different and cells with the
highest levels of expression died on the first or second day after transfection. However,
even cells that express low levels of this GFP fusion protein die 3-4 days after transfection
showing a stfong cytotoxic effect of this ErbB-2 fragment.

To de_ﬁne a minimal ErbB-2 peptide able to induce cell death, four additional
constructs encoding different segments from the ErbB-2 kinase domain fused to GFP
were prepared (Figure 2A). Expression in Cos7 cells of the ErbB-2 peptide 679-783,

- which does not include the RLLGI motif (residues 783-788), did not stimulate
apoptosis. However, expression of ErbB-2 peptides that encompass residues 765-813
and 765-802, which do contain the RLLGI motif, were sufficient to induce cell death
in transfected cells. Also, a shorter peptide that contains residues 765-783 was

“ineffective in induction of cell death after expression in Cos7 cells. Therefore, we




S

concluded that peptides derived from the ErbB-2 kinase domain that include the |
RLLGI motif and surrounding residues stimulate cell death in transfected cells.

Since the RLLGI motif is conserved among receptor tyrosine kinases, we Figure 3
expressed, as GFP fusion proteins, the corresponding residues of the N-terminal lobe
of several other tyrosine kinases, i.e. ErbB-1 (residues 65 1-803), ErbB-4 (residues
744-823), TikA (residues 540-632), VEGFRI (residues 821-927). As shown in Figure 3,
when these constructs are transfected in Cos7-cells, each strongly induced apoptosis.
In contrast, constructs representing theA carboxyterminal domains of ErbB-1
(residues 960-1186) or ErbB-2 (residues 1140-1220) fused to GFP were inefficient in
the induction of cell death (Figure 3B and data not shown).l

In order to determine whether caspase activation is necessary for induction of
apoptosis by ErbB-2 fragments, Cos7 cells, transfected with GFP fused to ErbB-2
residues 679-802, were treated with the pan-caspase inhibitor z-VAD-FMK (10-50
pM) or inhibitors of individual caspases. None of these inhibitors blocked indﬁction
of cell death (data not shown).

Our observation that peptides derived from the tyrosine kinése domain
stimulate cell death suggests that proteblytic fragmentation of ErbB-2 may be at least
partially responsible for apoptosis observed in the presence of several drugs that
stimulate cleavage of the tyrosine kinase domain. It is important to note that such
fragments generated in response to drug treatment are quickly degraded in the cytosol
(Tikhomirov and Carpenter, 2003) and, therefore, are unlikely to activate an apoptotic
program in cells expressing low levels of ErbB-2. However, if there are elevated
levels of ErbB-2 in a cell, the amount of such fragments produced in response to
compounds, such as geldanamycin, is also increased, which may stimulate or at least

contribute to apoptosis observed in these cells.



- It has been reported that overexpression of many serine/threonine protein
kinases induces a strong apoptotic response after caspase-mediated cleavage. This
growing list includes PKC3 (Datta R. et al., 1996), PKCu (Endo K. et al., 2000),
DAP1 (Inbal B. et al., 2000), PAK-2 (Rudel T. and Bokoch G., 1997), DIk/ZIP
(Kogel D. et al., 1999), Etk/Bmx (Wu Y. et al., 2001), PKN (Takahashi M. et al.,
1998), ROCK1 (Sebbagh M. et al., 2001), HPK1 (Chen Y. et al., 1999), SLK |
(Sabourin L. et al., 2000), RIP1 (Kim J. et al., 2000), RIP3 (Sun X. et al., 1999), .
MST1 (Ura S. et al., 2001), and others. It has been proi)osed recently that proteolytic
activation of protein kinases could be a general mechanism of apoptotic signal
transduction (Bokoch G, 1998). In many published reports, cleavage of protein
kinases by caspases is followed by an increase in kinase activity, which may result in
activation of JNK and other downstream protein kinases involved in apoptotic
responses. |

However, othef reports show that kinase activation is not necessarily involved
in the induction of apoptosis following protein kinase cleavage mediated by caspases.
Overexpression of the RET tyrosine kinase strongly induces apoptosis, which is
dependent on caspase activation and RET cleavage, but does not require tyrosine
kinase activation (Bordeaux M et dl., 2000j. It has been suggested that MEKK1 and
MEKKA4 cleavage or expression of the truncated protein kinases, which coﬁtéin ﬂle
kinase domain, can generate proteolytically processed pro-apoptotic fragments
- (Bonvin C. et al., 2002). Cleavage of death domain kinase RIP by caspase 8 without
kinase activation is essential for TRAIL-induced apoptosis (Lin Y. et al., 2000).
Askl protein kinase lacking the kinase activity is efficient as wild type Ask1 in
inductioﬁ of apoptosis (Charette S. et al., 2001). These results suggest that caspase-

dependent cleavage of protein kinases and the generation of pro-apoptotic fragments



may be a general fenomenon. Since there is a large number of proteins kinases in a
cell, this implies that during induction of apoptosis multiple cleavages within their
kinase domains may release proteolytic fragments, which will further accelerate the

progress of apoptosis. This could represent a new mechanism contributing to the

induction of apoptosis.
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FIGURE LEGENDS

Figure 1. Transfection of Cos7 cells with truncated ErbB-2 receptor induces cell
death. The ErbB-2 receptor fused C-terminally to GFP was prepared using primers
CCCATCTGCACCATCGATGTCCAC (5’) and
TCTAGACTCGTCGACTGGCACG TCCAGACCCAGGTA(3’) to amplify C-
terminal part of the ErbB-2. GFP cDNA was amplified in PCR using primers
CTACCGGTCGTCGACATGGTGAGCAAGGGCGAG GAG (5’) and
AGATCTTCTAGACTACTTGTACAGCTCGTCCATGCC. Each primer was cut
with Sal I and both primers were ligated. The product of ligation was cut with KpnlI
and Xba I and inserted into bcDNA/ErbB-Z vector cut with Kpn I and Xba 1. Primers
GTAATAGAG GTTGTCGACGGCTGG, GTAGCTCATCCCGTCGACAAT CTG,
or GTCAGGGAT CTCTGCGACTGGGAT were used to prepare ErbB-2 constructs
trﬁncated at residues 1216, 829, 927, respecfively. The cells were grown in DMEM
containing 10 % FBS and transfected with ErbB-2 inserted into pcDNA3. 1+ vector
and truncated at residues 1216 (A1216), 927 (A927), or 829 (A927) (A, left panel).
The exi)ression of corresponding proteins was confirmed by western blot (A, right
panel). Next, the cells were grown for ten days (A1216, Figure 2C, left panel) or four
days (A829, Figure 2C, right panel) and images were prepared using ﬂuorescenf
microscopy. The difference in number of transfected cells between the ErbB-2 A1216
and ErbB-2 A829 is shown quantitatively in panel B.

D. Cos 7 cells were transfected with ErbB-2 (left) or ErbB-2 peptide truncated within
the kinase domain at residue 802 (A802) that is not fused to GFP (panel D, right). The
cells were fixed in 4% paraformaldehyde and stained using antibody against ErbB-2

extracellular domain (Calbiochem, c-neu antibody 5).



Figure 2. Determination of a minimal peptide derived from the ErbB-2 kinase
domain that induce cell death upon transfection. GFP fusion proteins encoding
peptides derived from the ErbB-2 kiﬁase domain were prepared by PCR using primers
CTCATCAAGCGAGCTCAGCAGAAGATC (5°),
AACACATCCCCCAGAGCTCAC AGAGAAATCTTA (5°),

GTCTAAGAGGTCGACCTAGGGCATAAGCTGTGTCAC CAG 3",

| GGAGCCCAGGTCGACTCAGTTTTCCCGGACATGGTCTAA (3)CAC

CGTGGAGTCGACTCAGATGCCCAGAAGGCGGGAGAC (3°) and inserted into
PEGFP-C1 vector through Sac I and Sal I restriction sites (Panel A). The cells were
grown for 2 days and then were sorted using flow cytometry to separate transfected
from untransfected cells. Sorted cells were then plated again and grown for 2 days.
Transfection of peptides encompassing residues 679-802, 765-813, and 765-802,
which include RLLGI morif, results in cell death of transfected cells (Panel B, right).
In contrast peptides 679-783, or 765-783 derived from the ErbB-2 kinase domain,
which do not contain this motif, or ErbB-2 C-terminus (residues 1140-1220) fused to
GFP were not able to induce cell death (Panél B, left). The cells were incubated for
indicated times after transfection. The number of transfected cells expressing

individual GFP fusion proteins is shown in panel C.

Figure 3. Cell death induced by expression of peptides derived from the kinase
domain of EGFR, VEGFRI1, ErbB-4, or TrkA. Peptides including N-terminal part
of the kinase domain corresponding to ErbB-2 apoptotic segment 679-802 were
prepared by PCR with primers EGFR:

CGAAGGCGCCACAGAGCTCGGAAGCGCACG (5%), CAAGCGGTCGAC




TCAGTAGTTCATGCCCTTTGCGAT (3’); VEGFR1:
GATGCCAGCAGAGCTCAA TTTGCCCGGGAGAGACTTAAA (57), -
ATCCTTGTTGTCGACCTATAAGTCACG TTTGCTCTTGAG (3’); ErbB-4:

GTACCTGAAGGAGCTCCTGTGAAGATTCCT GTG (5?),

- CTTAGCTCTGTCGACTCACCAGTTAAGCAGCAGTTG (3°); TrkA: GAG

CAGGACAGAGCTCAAGTGGCTGTCAAGGCACTGAAGGAG (5’), :
CATCCCCGC GTCGACCTAGCTAGCCACGGCCAGCAGCTG CC (3°) and.
inserted into pEGFP-C1 vector through Sac I and Sal I restriction sites. Expression of
all peptides derived from the kinase démain of the corresponding receptor tyrosine
kinases results in massive cell death. In contrast, C-terminal parts of ErbB-2 or EGF
receptor as well as GFP did not induce cell death (Panel A). The cells were incubated

for indicated times and cells expressing GFP fusion proteins were counted using

fluorescent microscopy (Panel B).
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